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ABSTRACT
Larval swimming behavior in response to varied salinity conditions
is an important component of active mesoscale dispersal mechanisms.
Vertical distribution in salinity gradients of 0, 5, 10 and 15°/oo
in magnitude was examined for straight-hinge, umbo and pediveliger
larvae of the mactrid bivalves Spisula solidissima. Mulinia lateralis
and Rangia cuneata. Vertical swimming and sinking velocities were
measured at constant temperature and light, and variable salinity
depending on the species. Laboratory cultured larvae were used for the
experiments. Larvae concentrated in the discontinuity independently of
the species, stage of development and larval brood. Spisula solidissima
larvae initially swimming in a 30°/oo salinity layer crossed a
discontinuity of 5°/oo and 10°/oo discontinuity magnitude but not a
15°/oo salinity discontinuity.

Mulinia lateralis larvae initially

swimming in the 25°/oo salinity layer also crossed a discontinuity of
5°/oo salinity magnitude but they did not swim through a discontinuity
of 10 and 15°/oo salinity magnitude.

Rangia cuneata larvae initially

swimming in a 10°/oo salinity layer crossed even a discontinuity of
15°/oo salinity magnitude but they mostly concentrated in the 10°/oo
salinity layer and in the discontinuity.
Vertical velocity changed with larval stage with the peak in the
umbo stage, independently of the species. Upward vertical velocity in
S.. solidissima larvae ranged from 0.18 to 0.49 mm s ^ and increased with
an increase of salinity. Upward vertical velocity in M. lateralis
larvae ranged from 0.25 to 0.50 mm s ^ but no consistent pattern in
relation to salinity was observed. Upward vertical velocity in R.
cuneata larvae ranged from 0.18 to 0.53 mm s
The lowest velocity was
measured in the highest salinity, but in pediveliger larvae, the
opposite was observed. Downward vertical velocities were similar to the
upward velocities values. No significant differences in downward
vertical velocity were detected in relation to salinity. Passive
sinking was more frequent than active downward swimming in umbo and
pediveliger larvae. Sinking velocity increased with larval size in S.
solidissima and M. lateralis larvae; however, R. cuneata straight-hinge
larvae sank faster than umbo and pediveliger larvae.
The velar morphology was different in the three species. Although
the outer ciliary band had short blunted tips irrespective of the
species, the inner ciliary band and the central ciliary tuft bore long
cilia with paddles in S_. solidissima. discs in M. lateralis but regular
blunted cilia in R. cuneata. The implications of the observed larval
behavior and morphological characteristics of the velum on larval depth
regulation and dispersal are discussed.

SWIMMING RESPONSES OF LARVAE OF THREE MACTRID BIVALVES
TO DIFFERENT SALINITY GRADIENTS

INTRODUCTION

Bivalve molluscs are abundant and widespread members of many
benthic communities, being found in marine, estuarine, brackish and
freshwater habitats.

Distribution of individual species is partially

limited by exogenous parameters and by physiological constraints.
Salinity is such a parameter, placing physiological constraints (e.g.
maintenance of osmotic pressure and ionic composition) on the survival
and spatial distribution of bivalve species.

The generally sedentary

habits of adult bivalves preclude their migration away from unsuitable
salinity conditions (Castagna and Chanley, 1973; Gainey and Greenberg,
1977) , thereby favoring adaptations of larval habitat selection.
The larvae of bivalve molluscs can be a major component of the
merozooplankton and experience large spatial and seasonal fluctuations
in abundance (Thorson, 1950).

Dispersal of most estuarine and marine

bivalves is effected through a pelagic larval stage of short duration
that is of considerable significance to the ecology and evolution of the
species (Scheltema, 1977; Palmer and Strathmann, 1981; Jablonski and
Lutz, 1983; Day and McEdward, 1984; Hines, 1986; Jablonski, 1986;
Strathmann, 1986).

Larval dispersal is influenced by both passive

(advection) and active (swimming) processes, occurring at different
spatial and temporal scales (Mackas et al., 1985; Jackson, 1986;
Scheltema, 1986).

These processes are probably interactive since larvae

2

3
may have the ability to alter their position relative to variable flow
regimes.
Large-scale hydrographic processes may transport estuarine and
coastal bivalve species across different salinity regimes; however, the
ability of larvae to remain in suitable salinity environments via active
swimming remains largely unknown.

Larval swimming behavior in response

to different salinity conditions is an important component of active
dispersal mechanisms.

I experimentally examined the swimming behavior

of larvae of three closely-related bivalve species in response to
different salinities and to salinity gradients.

These three species

occur naturally along a salinity gradient from coastal oceanic to
brackish salinity regimes and therefore present an attractive group of
species for both interspecific and intraspecific comparison of the
influence of salinity on larval behavior and adult distribution.
Intraspecific comparative morphological studies on the larval structures
participating in swimming also seem appropriate to these closely-related
species.

Background and literature review

Pelagic bivalve larvae

Most, but not all, bivalves are broadcast spawners releasing
gametes into the water column where fertilization occurs.

Rapid cell

division in the zygote produces a ciliated blastula, a gastrula and a
trochophore stage within 24 hrs.

The trochophore bears a prototroch, a

broad ciliated ring surrounding the area above the mouth, and a shell
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gland, from which will originate a larval shell.
develops into a shelled stage, the veliger.

The trochophore

The veliger has a soft body

enclosed by laterally compressed, semitransparent paired valves.

The

most remarkable feature of a veliger larva is an oval velum protruding
between the valves.

The velum is generally a cup-shaped organ with a

margin consisting of several ciliated rings (Elston, 1980; Kas'yanov,
1984) responsible for feeding, locomotion, respiration and uptake of
dissolved amino acids (Mann, 1986b). Waller (1981) described four
ciliary bands in the velum of Ostrea edulis larvae: an inner and an
outer preoral band, an adoral and a postoral band.

The preoral bands

consisting of compound cilia (20-80 um long), are responsible primarily
for the locomotion of the larva and, secondarily, for food gathering.
The adoral band, with shorter cilia (8 um long), transfers the food
particles to the mouth.

Below the adoral band and above the mouth

opening, lies the postoral band, with cilia of intermediate length (1520 um).

The postoral band participates in food trapping.

The

efficiency of particle filtration depends on the harmonic beating of the
preoral and postoral bands of cilia (Strathmann et al., 1972), and the
length of the preoral band where shorter cilia results in higher
filtration efficiency (Strathmann and Leise, 1979).
The larval digestive tract consists of a mouth opening, located at
the edge of the lowest part of the velum, followed by a ciliated
oesophagus, a stomach surrounded by a digestive gland, an intestine
and/or a caecum, and a proctodeum which opens to the exterior by the
anal aperture.

The muscular system in bivalve larvae is represented by

velar retractor muscles, shell adductors which close the shell valves,
and lateral muscles which connect the adductor and velar muscles to the
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body wall (Cragg, 1985).

Respiratory gas exchange is carried out by

diffusion, probably by the ciliated edge of the velum and the mantle and
the area where, later, the gills originate.

Bivalve larvae lack a blood

circulatory system and transport of substances takes place through a
general body cavity (Kas'yanov, 1984).

Excretion is carried out by

protonephridia, located under the epithelium, at both sides of the body.
Some species do not have visible protonephridia and it is probable that
this function is carried out by coelomocytes (Kas'yanov, 1984).

The

nervous system consists of a cerebral ganglion located under the middle
zone of the velum and paired pedal ganglia near the zone from which the
foot will later be formed.

In the central region of the velum there is

a ciliated apical plate that, depending on the species, forms a short
ciliary pit or a long tuft.

The specific function of this apical plate

is unclear although may be an important sense organ in the veliger
(Kas'yanov, 1984).
With age some morphological changes occur in the veliger.

The

development of a protusible foot is the most noticeable, thus this stage
is called a pediveliger larva (Carriker, 1961).

The foot is a

multifunctional organ whose major role is to search and test the
substrate for later settlement.

The foot is covered with cilia,

irregularly distributed along its surface.

It carries a byssal gland

complex which produces threads to attach the larva to a substrate, and
mucus glands which produce a secretion that facilitates crawling.
During the pediveliger stage, the nervous system becomes more complex
compared to the other organ systems.

Visceral ganglia develop around

the posterior adductor muscles and develop together with the cerebral
and pedal ganglia.

Additional sense organs such as paired statocysts
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and eye spots develop in the mantle cavity of some species.

Throughout

the development, the shell valves of a larva grow continuously, changing
the larval appearance.

Early shelled larva have a D-shaped shell with

the hinge on the straight side; the first veliger larval stage is said
to be in the "D" or "straight-hinge" stage.

As the veliger grows older

the umbones, which are protuberances of the shell near the hinge line,
develop, changing the "D" shell shape and the larva is said to be in the
"umbo" stage.
The pelagic larval stage ends after the competent pediveliger
settles onto a substrate and completes metamorphosis.

During

metamorphosis, a complete or partial histolysis of the velum, retractor
muscles, larval foot and eye spots, occur.
can be suddenly cast off.

In some species, the velum

During and following metamorphosis gills are

developed to fulfill both the respiratory and the food trapping
functions.

Definitive kidneys replace the protonephridia and a heart is

developed from undifferentiated rudiments.

In the nervous system, the

visceral ganglia develop further and, in some species, the pedal ganglia
is reduced.

Several larval tissues are transformed into adult tissues:

the larval digestive tract develops directly into the adult digestive
system and the velar apical plate becomes part of the labial palps of
the adult mouth.

The mantle edge, which secreted the larval shell,

initiates the secretion of the adult shell.

The adult shell differs in

form and growth rate from the larval shell (Burke, 1983).
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Larval swimming:

Pelagic bivalve larvae swim upward, generally in a vertically
oriented helical path or in a straight line while rotating on their
dorso-ventral axis (Chia et. al., 1984; Mann, 1986b).

Larvae swim by the

coordinated beating of the external double preoral ciliary rings of the
velum, which are inclined toward the direction of movement (Cragg and
Gruffydd, 1975; Cragg, 1980).

Cilia create a greater drag during the

effective (power) stroke than during the recovery stroke.

The preoral

cilia are relatively stiff and oriented parallel to the plane of beat on
the effective stroke.

During the recovery stroke they return folded

close to the body and perpendicular to the plane of the beat.

This

orientation of the cilia, as well the degree of flexibility, provides
the thrust of maximum force on the effective stroke and reduces the drag
on the recovery stroke, causing the larva to move forward (Chia et al.,
1984).

Efficient beating of the straightened cilia is directed below

and coordinated by the continuous metachronal wave which is produced by
the asynchronous beating of adjacent rows of cilia (Chia et al., 1984).
This metachronism passes over the entire band, causing the larva to
rotate in a direction opposite to the direction in which the wave is
traveling (Waller, 1981; Kas'yanov, 1984).

The efficient beating of the

postoral ring is directed upward and counteracts the beating of cilia of
the preoral rings.

Postoral ciliary beating probably plays a secondary

role in the larval swimming besides its role in food gathering (Waller,
1981).

Movement of the veliger occurs with the complete stretching of

the velum and intensive beating of the cilia.

Although this swimming

mechanism is mainly associated with active upward movement, it is also

displayed in active downward swimming (Mann, 1986b).

More frequently,

descent occurs passively when larvae fold the velum and close the shell
valves (Carriker, 1961; Cragg, 1980).

Thus, larvae depth regulate by

upward swimming and active or passive downward descent.

Bivalve larvae

are not capable of swimming in the horizontal plane (Mann, 1986b). The
character and velocity of swimming depend on the species, stage of
development, direction of swimming and changes in environmental factors
such as salinity, temperature and pressure (Cragg and Gruffydd, 1975;
Hidu and Haskin, 1978; Cragg, 1980; Chia e_t al. , 1984).
A distinction between true swimming velocity and vertical velocity
has been made by Cragg (1980).

True velocity consists of the distance

travelled by a larva, along the path of a complete helix.

Vertical

velocity is the known upward or downward distance travelled by a larva
in a time unit.

In general, there is an increase in swimming velocity

as the larval development progresses, followed by a decrease during the
pediveliger stage.

The increase in velocity has been explained by the

aggregation of cilia into cirri (Chia et al., 1984) and by the change in
ciliatory activity of the velum from an initially uncoordinated beating
in early larvae to a coordinated metachronal beating in the fully
developed larvae.

The decrease in swimming velocity at the pediveliger

stage results from unequal growth of the larva; larva grows continually
but the velum does not.

Consequently, the velum can no longer

counteract the weight of the pediveliger larva (Cragg, 1980, Waller,
1981).
Vertical swimming velocities have been calculated for larvae of
several bivalve species.

Mileikovsky (1973) reported a velocity range

between 0.16 and 10,00 mm s ^ without specifying if these values were
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true or vertical velocities.
velocities (mm s

Among the species in which larval vertical

have been calculated are: Mercenaria mercenaria

(1.17-1.33), Teredo bartschi (7.70), 0. edulis (1.23), Crassostrea
virginica (0.10-0.83), Pecten maximus (0.17-0.46), Arctica islandica
(0.28-0.37) and Mvtilus edulis (1.10) (Carriker, 1961; Isham and
Tierney, 1953; Cragg and Gruffydd, 1975; Hidu and Haskin, 1978; Cragg,
1980; Mann and Wolf, 1983; Konstantinova, 1966, respectively).
According to Crisp (1984), a velocity of 1 mm s ^ is sufficient for a
larva to depth regulate in surface waters since vertical water
velocities are usually very small.

Mann (1986b) stated that a vertical

upward velocity of 1 mm s ^ allows movements of 3.6 m hr \

which would

allow a depth regulation over "biological meaningful depths in
reasonable periods of time" (e.g. depth of the major portion of many of
the Chesapeake subestuaries).
Larval sinking is poorly documented
depth regulation.

despite its important role in

Walne (1965) and Hidu and Haskin (1978) observed

ontogenetic changes in sinking velocity in 0. edulis and C. virginica
larvae, respectively.

In a water column of ca. 31-32°/oo salinity and

21°C temperature, 165 um long 0. edulis larvae sank at mean velocity of
ca. 2.7 mm s ^ and 300 um long larvae sank at 6 mm s ^ (values
calculated from Fig. 4, Walne, 1965).

In a 25°/oo salinity and 25°C

temperature water column, 75 um long C. virginica veliger larvae sank at
a velocity lower than 1.7 mm s ^ while 300 um eyed larvae sank at 8.3 mm
s

Cragg and Gruffydd (1975) reported the percentage of 0. edulis

larvae sinking after a pressure change but without measuring the rate of
descent.

Chia et al. (1984) indicated that passive sinking is often

faster than active downward swimming.
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Mann (1986b) and Stancyk and Feller (1986) have reviewed the
information concerning bivalve larval distribution and mechanisms of
dispersal in estuarine and coastal areas.

These authors indicated that

studies have been based mainly on field measurements of vertical
abundance and position of specific larval stages in a variety of spatial
and temporal scales.

Bivalve larvae are unevenly distributed throughout

estuaries, showing ontogenetic differences in abundance when coupled to
tides, current velocities and different locations within estuaries
(Pritchard, 1952; Nelson, 1953, 1955; Manning and Whaley, 1954; Kunkle,
1957; Seliger et al., 1982).
Larval dispersal as a completely passive process, in which larvae
are merely drifters and encounter suitable conditions depending on water
movements, has been supported by Korringa (1941, 1952), Manning and
Whaley (1954), Quayle (1969), Andrews (1979, 1983), Zinsmeister and
Emerson (1979), Boicourt (1982) Seliger et al. (1982).

Larval dispersal

as an active and selective process in which larvae exercise some choice
of their location in the water column even under completely tolerable
environmental and physiological conditions (Scheltema, 1986) has been
supported by Nelson (1953, 1955), Kunkle (1957), Carriker (1961) and
Wood and Hargis (1971).

The studies of Wood and Hargis (1971) showed a

different distributional pattern between veliger larvae of C. virginica
and inanimate coal particles; the latter followed the current patterns
while the veliger larvae changed their vertical position in relation to
salinity changes associated with the stage of the tide.

Stancyk and

Feller (1986) have indicated that experimental studies to support these
interpretations are lacking and none of the existent data have settled
the question of whether passive or active processes control bivalve
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larval transport in estuaries.

Mann (1985) suggested that in a

seasonally stratified coastal system, bivalve larval dispersal could be
the result of both active and passive processes.

Larvae would actively

depth regulate in response to a summer thermocline and would disperse
passively, depending upon wind driven currents, during the winter.
Although both processes undoubtedly influence larval dispersal, Mann
(1986a) stated that "the point at which physical forces become
sufficient to override any active component has not been adequately
examined".

Responses to environmental stimuli

Environmental stimuli elicit two types of responses in pelagic
larvae.

These are tactic responses, the changes in the orientation of

the position of the larval body with respect to the source of the
stimulus or its gradient, and kinetic responses, the changes in the
level of larval locomotor activity independently of the direction of the
stimulus.

Tactic responses can be caused by light (phototaxis) and

gravity (geotaxis) (Verwey, 1966; Sulkin, 1984).

Such tactic responses

can be positive or negative and may be modified mainly by salinity and
temperature which, are also among the most common non-conservative
kinetic stimuli.

Kinetic responses can be high or low; high kinesis

results in increased locomotor activity due to an increase in stimulus
intensity and a low kinesis results in an increase in activity in
response to a decrease in the stimulus intensity.

Verwey (1966) stated

that a change in current velocity would also elicit vertical movements
in larvae, especially in older ones.
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Effects of environmental stimuli on bivalve larvae have been
studied extensively in relation to larval tolerances and differential
growth (e.g. Cain, 1972, 1973; Kennedy et al., 1974; Lough, 1974;
Tettelbach and Rhodes, 1981; Wright et al., 1983), and more often, in
relation to their role in larval distribution (e.g. Carriker, 1951;
Korringa, 1952; Haskin, 1964; Wood and Hargis, 1971; Drinnan and
Stallworthy, 1979; Heritage and Bourne, 1979; Seliger et al., 1982;
Tarnowski, 1982; Andrews, 1983; Alcaraz and Dominguez, 1985; Buyanovskii
and Kulikova, 1985), but not in relation to their effects on swimming
behavior.
Experiments to examine the influence of environmental stimuli on
larval behavior have usually been designed to test a variety of
intensities of stimulus applied sequentially rather than a gradient of
stimulus. Only Harder (1968), Cragg and Gruffydd (1975), Cragg (1980),
Mann and Wolf (1983) have examined bivalve larval behavior under
environmental gradients.

Larval responses to light have been

investigated on M. edulis (Bayne, 1964), on A. islandica (Mann and Wolf,
1983), on C. virginica (Kennedy and Van Heukelem, 1986) and on
Placopecten magellanicus (Silva, 1987).

Trochophores of M. edulis and

A. islandica demonstrated no phototactic response although veliger
larvae displayed different degrees of phototactism.

Larvae of C.

virginica were not sensitive to any particular wavelength or intensity
of light; P. magellanicus larvae were negatively phototactic.

Responses

to gravity have been studied by Bayne (1964) on M. edulis. by Cragg
(1980) on Pecten maximus. by Mann and Wolf (1983) on A. islandica and by
Kennedy and Van Heukelem (1986) on C. virginica.

Larvae of M. edulis

showed no orientation to gravity whereas those of P. maximus and A.
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islandica were negatively geotactic; early veliger larvae of C.
virginica were negatively geotactic in the dark and pediveliger larvae
were positively geotactic.

Silva (1987) reported that P. magellanicus

larvae displayed a positive geotactism response but this author did not
mention whether this response was ontogenetically consistent.

Mann

(1986b) indicated that veliger larvae are generally negatively geotactic
but pediveliger are positively geotactic; however, Chia et al. (1984)
pointed out that the accumulation of pediveliger larvae near the
substratum (or the bottom of the experimental chamber) may not be due to
a positive geotactism but to a reduction in the swimming activity.
Responses to pressure have been tested on M. edulis (Bayne, 1963), on M.
mercenaria (Haskin, 1964), on 0. edulis (Cragg and Gruffydd, 1975), on
P. maximus (Cragg, 1980), on A. islandica (Mann and Wolf, 1983) and on
C. virginica (Kennedy and Van Heukelem, 1986).

Veligers of M. edulis

and 0. edulis increased their vertical velocity with an increase in
pressure whereas M. edulis pediveliger larvae exhibited no response to
pressure.

Larvae of M. mercenaria. P. maximus and A. islandica also

increased the upward vertical velocity with an increase in pressure but
the threshold pressure change required to elicit a response in these
different species and at different developmental stages was variable
(from 0.1 to 1.2 bars).

Larvae of M. edulis and A. islandica moved

upwards with an increase in pressure.

Most of the larvae subjected to a

pressure increase modified their swimming pattern by reducing the
diameter of the spiral path.
Responses to salinity have been tested on C. virginica (Hidu and
Haskin, 1978; Kennedy and Van Heukelem, 1986).

Larvae increased their

swimming velocity when higher salinity water was added (e.g. from 7 to
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14°/oo) and also when the larval size increased (Hidu and Haskin, 1978).
Kennedy and Van Heukelem (1986) reported that a 0.4°/oo increase in
salinity modified the geotactic response in C. virginica larvae from
negative to positive.

Lance (1962) and Harder (1968) stated that most

zooplankters could perceive and be affected by a salinity discontinuity.
Harder (1968) subjected larvae of Teredo diegensis to salinity
discontinuities ranging from 1.05 to 17.24°/oo (a constant lower layer
of 33.75°/oo; upper layer variable).

Larvae distributed relatively

randomly when the magnitude of the discontinuity was 3.65°/oo (33.75 30.10), accumulating above the discontinuity when the gradient was
5.19°/oo salinity (33.75 - 28.56) and almost all the larvae remained in
the lower layer when the magnitude of the discontinuity was 17.24°/oo
(33.75 - 16.51).

Unfortunately, the author gives no details on the

acclimation period prior to the data gathering, the salinity to which
the larvae were originally exposed or possible ontogenetic changes in
larval responses.

Kennedy and Van Heukelem (1986) stated that C.

virginica larvae were capable of crossing both a 5°/oo salinity and a
5°C temperature discontinuity.

Harder (1968) investigated the effects

of density discontinuities on T. diegensis and suggested that density,
rather than salinity, was the factor affecting the distribution of the
organisms and that density discontinuities might be preferred sites for
some zooplankters.

Responses to temperature have been investigated on

M- edulis (Bayne, 1965), on A. islandica (Mann and Wolf, 1983) and on C.
virginica (Hidu and Haskin, 1978; Kennedy and Van Heukelem, 1986).
Although Hidu and Haskin (1978) reported that an increase in temperature
increased the swimming rate of C. virginica larvae, Kennedy and Van
Heukelem (1986) found no effect of temperature on the larval behavior.
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Only Mann and Wolf (1983) and Mann (1986a) have examined larval behavior
in laboratory experiments combined with field observations of depth
distribution of A. islandica larvae.
Mann (1986b) advised caution with generalizations concerning active
regulative mechanisms because "gradients of non-conservative stimuli to
swimming (e..g. salinity and temperature) differ between estuarine and
continental environments as do the threshold responses of endemic
species to these stimuli".

Nevertheless, Stancyk and Feller (1986)

strongly recommended "specific reductionist laboratory and field
experimentation on individual larval behavior especially with larvae of
species that are economically and/or ecologically important".

OBJECTIVES

The general objective of this thesis is to examine the swimming
behavior of larvae of three mactrid bivalves subjected to different
salinity gradients.
To make the general objective approachable, more specific
objectives have been stated as follows:

(1)- To determine whether vertical distribution, swimming and sinking
velocities in these bivalve larvae differ ontogenetically.

(2)- To determine whether a salinity discontinuity modifies the vertical
distribution of these bivalve larvae in a water column.

(3)- To determine whether different magnitudes of a salinity
discontinuity modify the vertical distribution of these bivalve larvae
in a water column.

(4)- To determine whether vertical velocities in these bivalve larvae
are independent of salinity.

(5)- To determine the most effective mean of downward locomotion in
these bivalve larvae.
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(6)- To examine and qualitatively compare the velar morphology in
different larval stages of these mactrids to assess its role in larval
locomotion.

MATERIALS AND METHODS

Bivalve species

Three mactrid species were examined in this study: Spisula
solidissima (Dillwyn 1817), Mulinia lateralis (Say 1822) and Rangia
cuneata (Gray 1831) (Figure 1).

These three mactrid species were chosen

because of their different range of occurrence along a salinity
gradient: .S. solidissima is considered a marine stenohaline species,
predominantly found in oceanic waters where the salinity fluctuates
between 32 and 34°/oo; M. lateralis. an euryhaline species, occurs in
estuaries where the salinity varies from 18 to 30°/oo; and, R. cuneata.
an oligohaline species, inhabits brackish waters with salinities ranging
between 0 and 15°/oo.

These species were also selected because they

develop pelagic planktotrophic larval stages that usually spend from 7
to 22 days in the plankton and because they are taxonomically closely
related.

Chanley (1981) recommended, coincidently, these three species

for bioassay studies (see Appendix for species profiles).
Spisula solidissima adults were obtained from the American Original
Clam Company, at Willis Wharf, Virginia, in April, 1987.

Mulinia

lateralis adults were obtained from the permanent stock kept at the
Virginia Institute of Marine Science (VIMS) - Eastern Shore Laboratory,
Wachapreague, Virgina, in April, 1987.
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Rangia cuneata adults were

19

Figure 1. Adult shells of Spisula solidissima. Mulinia lateralis and
Rangia cuneata.
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collected by tonging in the Rappahannock River, Virginia, in September,
1986 and from June to August, 1987.

Spawning and culture procedures

The experimental work was carried out at VIMS - Bivalve Ecology
Laboratory, at Gloucester Point and at the Eastern Shore Laboratory, at
Wachapreague, during summer and fall, 1986 and from spring through
summer, 1987.
Adult bivalves were scrubbed and rinsed with freshwater to remove
the epifauna from the shell, placed in an incubation tank with standing
filtered water at ambient temperature and at the salinity of the natural
habitat during the spawning season of each of the species studied; that
is 30°/oo for S. solidissima. 25°/oo for M. lateralis and 10°/oo for R.
cuneata.

Water for larval cultures and experiments came from the

Wachapreague area, where the summer water salinity is usually over
28°/oo.

Appropriate salinities for experimental work were obtained by

dilution of salt water with tap water.

The resultant salinity was

checked with a temperature compensated refractometer.
Larvae of each species were laboratory cultured following the
procedures modified of Culliney et al. (1975), Castagna and Kraeuter
(1981) and Chanley (1981).

Adults were induced to spawn by thermal

stimulation (Kennedy et al., 1974; Goldberg, 1980; Wright et al., 1983).
The water in the incubation tank was heated to 24°C for .S. solidissima.
to 28°C for M. lateralis and to 32°C for R. cuneata.

As soon as

spawning began (this varied from a few minutes up to several hours after
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warming), each female was transferred to an individual container filled
with water of similar temperature and salinity.
single container.

Males were pooled in a

Soon after spawning occurred, the eggs from a single

female were passed through a 90 um sieve, collected on a 20 um sieve,
carefully rinsed and placed in 10 or 60 liters of filtered seawater,
depending on the egg abundances.

Several drops of 53 um-filtered sperm

suspension were added to each container with the eggs and left overnight
to allow fertilization.

After at least 24 hrs, zygotes were siphoned

out of the container onto a 20 um sieve, rinsed, and transferred to
three liter glass bottles.

Filtered water (lum) was added to yield a

final zygote concentration not exceeding 20,000 1 \

To estimate the

initial concentration of zygotes in the culture containers, all the
zygotes produced by each female were concentrated in a volumetric
cylinder and mixed with a plunger.

A one milliliter sample was removed

with an automatic pipet and placed in a Sedgewick-Rafter counting cell.
The sample was examined under a light microscope, at 40x magnification,
and the number of zygotes was recorded using a mechanical counter.

The

total number of zygotes was estimated by a simple arithmetic proportion.
When the number of zygotes produced by a female was insufficient
(<100,000), the zygotes of up to five females were pooled.
Cultures of S. solidissima and M. lateralis larvae were maintained
at a constant temperature of 23°C; R. cuneata larvae were cultured at
25°C.

All the cultures were kept under a diurnal light cycle.

Larvae

were transferred to clean water every other day and were fed with ca. 50
cells ul ^ unicellular algae added immediately after each water change.
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Culture of algae

Pavlova (Monochrvsis) lutheri. Isochrvsis galbana and Isochrvsis
aff. galbana (T-Iso), were used as food because they have been
considered among the most suitable food for bivalve larvae (Culliney et
al., 1975).

The first two species were used in combination because

larvae grow better on a mixture of algae than on a single species
(Chanley, 1981) .

The initial stocks of P. lutheri and I., galbana were

provided by the Algal Culture Laboratory; T-Iso was obtained from the
Oyster Hatchery, both at VIMS.

The general procedure to grow algae was

adapted from Dupuy ej: al. (1977) and Guillard (1983).

Sterilization of

the water used as medium to grow the algae was accomplished by adding
one ml 1 ^ of concentrated commercial Clorox to 16 liters of one um
filtered water in a clean 18 1 carboy.

The carboy was capped and left

to stand for 24 hrs, to allow the chlorine to disinfect the water.
Then, one ml 1 ^ of sodium thiosulfate was added to complete
dechlorination.

Nutrient solutions of nitrate, phosphate, trace

elements and vitamin mixture, were added to enrich the water used as a
medium after dechlorination.

Nine ml each of nitrate, phosphate and

trace elements, and 18 ml of vitamin mixture were withdrawn from the
serum bottles and delivered to each carboy using a syringe.
were then shaken to insure mixing.

The carboys

Each carboy containing 16 1 of

sterilized, enriched water was inoculated with 1.5 1 of a single algal
stock.

Algal cultures were maintained at 20°C.

Light was constantly

provided by a combination of 40 W cool white and Gro-Lux fluorescent
bulbs.

Aeration, necessary to keep the algal cells in suspension and to

maintain a stable pH, was provided by an air pump and delivered to the
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carboys through plastic and glass tubing connected through the stopper
of the carboys.

Regular cell counts of the three species of

algae were

made to monitor growth of the algal culture and to

determine the

quantity of algae to be fed to the bivalve larvae.

The algal

concentration was calculated using the formula:
algal concentration (cells ml

— mean cell count x dilution
4
factor x conversion factor (10 )

Replicate cell counts were carried out using a hemacytometer.

The

dilution factor resulted from the quotient between the final (diluted)
and the initial volume of the algal sample.

Experimental apparatus

The experimental apparatus for examining larval responses in a
salinity discontinuity is depicted in Figure 2.

The vertical

distribution of the larvae in a salinity discontinuity can be observed
and the larvae counted.

Vertical distance travelled by a larva in a

unit time interval can be recorded and consequently, the larval vertical
velocity can also be calculated.

In this study, larval upward vertical

velocity is the distance toward the surface travelled by a larva in a
unit time.

Downward vertical velocity is the distance travelled

downwards by a larva in a unit time while actively swimming using the
velum.

Sinking velocity is the downward velocity resulting as the larva

passively sinks with the velum retracted inside the valves.
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Figure 2. Apparatus (not to scale) for examining bivalve larval
responses to a salinity discontinuity. Larvae were maintained in a
glass chamber (1), 30 cm high, 0.6 cm internal diameter. Access to the
experimental chamber was from the open top and from the bottom through a
syringe inserted into a rubber stopper fitted into the bottom end of the
chamber. A wooden rack (2) was used to hold the chambers vertically.
Larvae were observed through a dissecting stereomicroscope (3) fitted on
a rack system that allows vertical and horizontal displacement. A lamp
(4) installed on the top of the traveling microscope facilitated
observation of the larvae. Optimum depth of field was obtained by
adjusting the horizontal position and the zoom magnification of the
microscope. The vertical distance travelled by the larvae was measured
on a piece of graph paper, 25 cm high, 0.5 cm width, ruled in
millimeters (5), attached to the outside of the chamber.
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1) Salinity discontinuity.
The experiments examined the responses of bivalve larvae subjected
to a salinity discontinuity, which is produced by a stratification of
two water layers of different salinities.
Preliminary experiments were performed to determine the feasibility
of producing sharp and lasting salinity discontinuities in narrow
chambers (0.6 cm diameter).

Several experimental chambers were half-

filled with high salinity water (e.g. 30°/oo), previously stained with
neutral red.

Then, clear and lower salinity water (e.g. 25, 20 or

15°/oo) was very gently added to the top of the chambers until they were
totally filled with water.
days.

The chambers were observed every 24 hr for 5

The results showed that a sharp, long lasting discontinuity could

be produced even when the salinity between the two layers differed by
only 5°/oo and maintained for at least 72 hours.

Though a sharp

discontinuity of about one millimeter high is easily produced, a ten
millimeter high "discontinuity zone" was established as the boundary
between the two water layers, to reduce the chances of error in the
demarcation of the interface which would affect the interpretation of
the results.

The discontinuity was established by measuring five

millimeters upwards and downwards, from an initial boundary mark traced
immediately after the high salinity water was added into the chamber.

2) Swimming chambers.
The selection of an appropriate sized experimental chamber required
consideration of the pattern of larval swimming.

Bivalve larvae swim

vertically upwards whatever the direction of illumination and sink
actively with the velum extended, as well as passively with the velum
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withdrawn inside the valves (Cragg, 1980).

Thus, the chamber should be

sufficiently tall to permit the larvae to swim unimpeded by the top or
bottom.

The chamber height is constrained however, by the maximum

available vertical travel of the microscope.

The chamber diameter also

must be sufficient to allow the development of complete and unaltered
swimming helices.

Previous studies have established that the larval

swimming performance can be seriously affected by the presence of a
vertical surface near the larvae (Vogel, 1981); this is the so-called
"wall effect" described by Winet (1973).

Chia et al. (1984) have

emphasized that experimental studies on larval locomotion should
consider the potential error of the results due to this effect, which
could be minimized by choosing relatively large (wide, for the purpose
of this study) experimental chambers.

Some calculations have been made

to determine the minimum horizontal dimension that the experimental
chamber should have, to avoid a wall effect on bivalve larvae.

Mann

(unpubl. data), using data from Cragg and Gruffydd (1975) as well as his
own, calculated that a 250 um larva would require a chamber with a
minimum diameter of four millimeters to develop a complete and unaltered
helix.

Although a chamber diameter of at least one order of magnitude

greater than the minimum required size would be desirable, limitations
of the microscope depth of field must be considered.

The microscope

optics must simultaneously allow both observation of the entire chamber
width and maintain the complete larval swimming motion in focus while
the microscope travels through the vertical plane.

Preliminary

experiments were carried out to select the optimal chamber diameter for
minimizing wall effects within the optical constraints.

Observations of

larval vertical motion in chambers of 2.0 and 0.6 cm internal diameter
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revealed that it was impossible to met all of the optical requirements
described earlier with the 2.0 cm chamber.

So, clear glass chambers, 30

cm long and 0.6 cm internal diameter was used to perform the
experiments.

The selected chamber height provides a reasonable vertical

distance for larvae to swim, and permits complete coverage with the
microscope.

3) Larval selection.
At least two hours prior to each experiment, larvae were siphoned
from the culture jar and size-selected using Nitex screens of different
mesh sizes.

Larvae of approximately the same size, retained on the same

screen, were used in the experiments.

The larvae were transferred with

a Pasteur pipet to a 20 ml glass vial filled with filtered water, and
immediately taken to the laboratory where the experiments were to be
conducted, to avoid major temperature changes during the process.

4) Larval transfer into the experimental chambers.
In order to produce a sharp discontinuity and to reduce the chances
of larvae crossing the discontinuity upon introduction into the chamber,
two methods were used to transfer the larvae into the chambers.

In the

first method, about one milliliter of high salinity water was injected
with a syringe, into the bottom of the chamber.

About two milliliters

of the same high salinity water, containing the larvae, were added into
the chamber, from the top, using a Pasteur pipet, followed by another
milliliter of the same salinity water.

The inside chamber wall was

wiped with a piece of paper towel to prevent any subsequent salinity
change caused by residual water left on the chamber wall during the
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larval introduction.

A horizontal line was traced on the outside of the

chamber to demarcate the upper boundary of the high salinity water.
Finally, an equal volume of lower salinity water was very carefully
added from the top, until the chamber was filled.

In the second method,

the chamber was filled first, with 3.9 ml of high salinity water,
injected from the bottom and the boundary was marked as it was described
earlier.

Then, one milliliter of low salinity water was very carefully

added with a pipet, from the top, followed immediately by more water of
the same salinity containing the larvae.

Low salinity water was added

until the chamber was completely filled.

Each test chamber contained a

total volume of 7.8 ml of water.

5) Experiments.
The experiments were conducted after a period of acclimation to
avoid stress due to manipulation.

An acclimation period of 30 minutes

was used to minimize problems of larval viability and persistance of the
discontinuity.

Constant illumination was maintained by conducting all

experiments during evening hours.

Laboratory lights were kept on and

the microscope light was maintained at the same setting during the
experiments.

Incident light in front of the test chambers was measured

with a Weston Sangamo exposure meter.

6) Larval fixation and storage.
Once the experiments were completed, the water, containing all the
larvae from each chamber, was drained and collected in individual, screw
top 20 ml vials.

A few drops of 4% buffered formalin were added to each

29

vial as a fixative.

After 48 hrs, this weak solution was replaced by

95% ethanol for preservation and larval storage.

7) Larval measurement.
Shell length (maximum anterior-posterior dimension) of 25 preserved
larvae from each replicate, for each larval stage was measured with an
ocular micrometer fitted to a light microscope, at a 100X magnification.

Preparation of larvae for Scanning Electron Microscopy (SEM) examination

The main steps involved in the examination of complete bivalve
larvae with SEM are: cleaning, relaxation, fixation, dehydration,
drying, mounting, coating, examination and photographing (Turner and
Boyle, 1974).

1) Cleaning.
Larvae were collected simultaneously for the experiments and SEM
examination.

Larvae for SEM were siphoned from the culture jar,

collected on a nylon screen, thoroughly rinsed with 0.45 um filtered
seawater and placed in a petri dish filled with ten milliliters of
filtered seawater.

2) Relaxation.
When most of the larvae were swimming in the dish, one milliliter
of 8% magnesium chloride in distilled water was added to the dish as a

30

relaxant.

Similar additions were made every 15 minutes until the larvae

could no longer close their valves (about one hour).

3) Fixation.
Fully relaxed larvae were transferred with a Pasteur pipet to a
glass tube and centrifuged at high speed for 15 minutes.

Larvae were

concentrated on the bottom of the tube and the water was pipetted out.
Five milliliters of 2.5% chilled glutaraldehyde in distilled water,
buffered at pH 7.2 with 0.1 M sodium cacodylate, was immediately added
to the tube containing the larvae and the tube contents left undisturbed
for two hours.

The fixative was then pipetted out and three milliliters

of 0.1 M sodium cacodylate solution, made with 0.15 M sodium chloride,
were added to the tube and changed three times at 30 minute intervals.
Larvae were post fixed for one hour in five milliliters of 1% osmium
tetroxide made with 0.19 M sodium chloride and buffered at pH 7.2 with
0.1 M sodium cacodylate.

Larvae were rinsed again and stored

refrigerated overnight.

4) Dehydration.
Dehydration was accomplished by exposing the larvae, at 20 minute
intervals, through a series of alcohol solutions (30, 50, 70, 90, 95 and
100%), made with 0.45 um filtered distilled water.

When the larvae were

in the 95% alcohol solution, they were transferred to plastic beem
capsules and capped with 12 um filters, suitable for the rest of the
procedure.

After the alcohol baths, larvae held in the capsules were

placed in a ten milliliter vial, subjected to three changes of 100%
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acetone at 20 minute intervals, and stored in the last change until the
drying procedure was carried out.

5) Drying.
To avoid shrinkage of the soft tissues, larvae were subjected to
critical point drying (CPD) to slowly replace the acetone with liquid
CO2 in the soft tissues.

A model E 3000 Polaron Critical Dryer was

used*

6) Mounting and coating.
Dried larvae were transferred from the beem capsule to a glass
slide and from there, individually picked up with a minuten pin and
attached to a metal stub with double sided adhesive tape.

Graphite

conductive paint was spread around the edges of the tape to insure
conductivity between the stub and the tape.

The stubs with the larvae

were stored in a dessicator for at least 24 hours to allow complete
drying before coating.

Larvae were coated with a gold-palladium alloy,

using a vacuum evaporator.

7) Examination and photographing.
A scanning electron microscope (SEM) AMR model 1000 was used to
examine the velar morphology of larvae in different stages of
development.

Larvae were photographed with Polaroid type 52 film.
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Experimental design of swimming behavior experiments

Six replicate groups were used to perform the experiments with S.
solidissima and M. lateralis and five with R. cuneata.

In the

experiments using S . solidissima. each group originated from the ova of
a different female and the pooled sperm of several males; in those with
M. lateralis and R. cuneata. each group originated from the mass spawn
of separate groups of pooled females and the pooled sperm of several
males.
To determine whether ontogenetic stages displayed differences in
their vertical distribution, swimming and sinking velocities,
experiments were performed at three larval stages, straight-hinge
veliger, umbo veliger and pediveliger.
different rates in different species.

These stages are attained at
Each larval stage was correlated

to the larval size which was determined by measuring the anteriorposterior shell length of 25 larvae of each replicate used in the
experiments.
Larval distribution in salinity discontinuities was examined with
each larval stage in several salinity discontinuities and in a
homogeneous water column (control), with the same salinity value as the
water in which the larvae were cultured.

Salinity regimes with

discontinuities of different magnitudes were tested simultaneously for
each of the replicate groups of larvae in the same stage of development
to determine whether the magnitude of a salinity discontinuity modified
the vertical distribution of larvae.

The salinity magnitudes of the

discontinuities were 5°/oo (25/30), 10°/oo (20/30) and 15°/oo (15/30)
for S. solidissima.

5°/oo (25/30 and 20/25) and 10°/oo (15/25) for M.
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lateralis and 5 °/oo (5/10 and 10/15) and 10°/oo (10/20) for R. cuneata.
Forty one to 260 larvae were used for each larval distribution
experiment.

The order in which salinity regimes and replicates were

examined was randomized.

The control was not replicated.

Swimming velocities for each larval stage subjected to different
salinities were determined by measuring the vertical distance travelled
in a time unit.

Larvae were maintained at the selected salinity for one

hour before the vertical velocity was measured.

A piece of graph paper,

marked in millimeter increments, was attached to the rear wall of the
test chamber and the time required to travel a unit distance was
measured directly using a stopwatch while making continuous observations
using the traveling microscope.

Thirty larvae in each stage were

observed and recorded in each salinity.
The sinking velocities of 35 to 50 narcotized larvae were recorded
to determine whether the sinking velocity changes throughout the larval
development.

Active downward swimming velocities were calculated and

compared with the values of passive sinking to determine the most
effective means of downward locomotion in bivalve larvae.
Data were examined prior to testing specific hypotheses, to
evaluate their compliance with assumptions of normality and
homocedasticity.

Normality of the data was determined graphically with

a stem and leaf test.
Cochrans C test.
0.05 level.

Homogeneity of variances was tested with a

All test statistics were judged significant at the

When the homogeneity of variance test was rejected, the

data were logarithmically transformed and the test was repeated.

When

variances were homogeneous, the specific hypotheses were then examined
with parametric tests.

When variances were not homogeneous, the
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hypotheses were tested using nonparametric tests (Dowdy and Wearden,
1983; Zar, 1984),

Hypotheses comparing means of a single dependent

variable of two independent samples were tested with a t-test
(parametric) or a Mann-Whitney U test (nonparametric).

Hypotheses

comparing means of a single dependent variable of more than two
independent samples were examined with one-way ANOVA F test for
significance and subsequently by a multiple comparison Scheffe test
(parametric) or a Kruskal-Wallis U test (nonparametric),

Multiple

factor interactions were analyzed by a hierarchical log-linear G test
(likelihood-ratio chi-square) (Sokal and Rohlf, 1981; Norusis, 1985).
All tests were conducted on a PRIME computer, using SPSS
package system.

X

statistical

RESULTS

Spawning and larval culture

Spisula solidissima spawned during April 1987 when the water
temperature was raised to 24°C.
settlement at 23°C and at 30°/oo.

Larval development lasted 24 days to
Straight-hinge veliger, umbo and

pediveliger larvae of this species are shown in Figure 3.
Mulinia lateralis spawned successfully in April 1987 when the water
temperature was raised to 28°C.
settlement at 23°C and at 25°/oo.

Larval development lasted 19 days to
Straight-hinge veliger, umbo and

pediveliger larvae of this species are shown in Figure 4.
Rangia cuneata spawned abundantly in September 1986 when the water
temperature was raised to 32°C and mechanically agitated; however, in
August 1987, it was more difficult to induce spawning using the same
procedure.

In the latter instance, spawning was initiated by periodic

water changes in which the water temperature fluctuated between 26 and
32°C and the salinity was increased to 15°/oo.

Larval development

lasted 12 days to settlement at 25°C and at 10°/oo salinity but a few
pediveliger larvae were first observed on the eighth day of development.
Straight-hinge veliger, umbo and pediveliger larvae of this species are
shown in Figure 5.
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Figure 3. Light micrographs of Spisula solidissima larvae. (100X).
Straight-hinge larvae; (B) Umbo larvae; (C) Pediveliger larvae.

Figure 4. Light micrographs of Mulinia lateralis larvae. (100X).
Straight-hinge larvae; (B) Umbo larvae; (C) Pediveliger larvae.

Figure 5. Light micrographs of Rangia cuneata larvae. (100X).
Straight-hinge larvae; (B) Umbo larvae; (C) Pediveliger larvae.
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Larval size
The mean shell lengths of the straight-hinge veliger, umbo and
pediveliger larvae of .S. solidissima were 95.6 urn (SD— 4.9, N— 150),
143.7 um (SD- 13.9, N- 150) and 196.1 urn (SD- 19.6, N- 150),
respectively.

The shell lengths of M. lateralis straight-hinge veliger,

umbo and pediveliger larvae were 89.0 um (SD— 4.7, N— 150), 121.0 um
(SD— 6.6, N- 150) and 159.7 um (SD- 9.0, N— 150), respectively.

For R.

cuneata straight-hinge veliger, umbo and pediveliger larvae, the shell
lengths were 103.7 um (SD— 6.0, N— 150), 130.6 um (SD— 6.8, N— 125) and
170.4 um (SD- 9.2, N— 150), respectively.

The mean shell lengths

differed among replicates for the three stages of development tested and
in each of the three species (Tables 1 to 3).

Swimming pattern
Larvae of the three species swam clockwise when viewed from below,
independently of the vertical direction.

Larvae exhibited a spiral path

although variations were observed depending on the stage of development.
Straight-hinge larvae tended to develop narrow spirals (not measured in
this study) and swam upwards and downwards along the whole chamber.
Umbo larvae exhibited wider spirals and tended to remain in a narrower
vertical band than younger larvae.

Umbo larvae actively swam upwards

and downwards and occasionally sank with their valves closed.
Pediveliger larvae also tended to remain in a certain depth band but,
unlike umbo larvae, their descent was generally by passive sinking
rather than active downward swimming.
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TABLE 1. Spisula solidissima larval size. Shell length (in uun) of each
replicate larval group, for each stage of development. Results of
multiple comparison tests, one-way ANOVA and/or Kruskal-Wallis test (see
Methods).

STAGE

REPLICATE NUMBER

«

p
Straight-hinge
(x)
(SD)
(N)

Umbo

5
92.2
2.5
25

4
(x)
(SD)
(N)

Pediveliger
<x)
(SD)
(N)

135.0
6.3
25

5
177.8
17.0
25

6
93.6
2.7
25

5
137.4
8.8
25

4
184.4
15.0
25

4

1

3

2

94.2
2.4
25

95.8
5.5
25

98.4
5.7
25

99.4
5.3
25

6

1

3

2

138.8
10.9
25

6
196.0
8.2
25

157.0
10.2
25

2
200.2
18.8
25

158.8
9.5
25

1
205.2
15.5
25

38.38

0.0000

F
43.59

£
0.0000

F
16.97

£
0.0000

159.4
6.8
25

3
212.8
18.1
25

Lines connect replicate groups whose shell sizes are not significantly
different.
(x)= mean size, (SD)== standard deviation, (N)*= sample size.
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TABLE 2. Mulinia lateralis larval size. Shell length (in um) of each
replicate larval group, for each stage of development. Results of
multiple comparison tests and one-way ANOVA (see Methods).

REPLICATE NUMBER

STAGE
Straight-hinge

(x)
(SD)
(N)

3
84.4
3.9
25

2
87.2
3.2
25

1
87.0
2.9
25

4
90.6
4.7
25

6
90.6
3.3
25

5

Z
17.91

93.4
4.3
25

Z
Umbo

2
(x)
(SD)
(N)

Pediveliger
(x)
(SD)
(N)

116.6
4.5
25

5
152.4
7.9
25

3
117.8
6.1
25

1
158.2
9.0
25

5
120.8
6.6
25

3
158.4
6.6
25

6

4

121.8
5.0
25

124.2
7.5
25

2

4

161.0
7.2
25

162.8
8.2
25

E
0.0000

1

E

7.64

0.0000

Z
7.50

E
0.0000

124.8
5.9
25

6
165.4
9.9
25

Lines connect replicate groups whose shell sizes are not significantly
different.
(x)*= mean size, (SD)— standard deviation, (N)= sample size.
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TABLE 3. Rangia cuneata larval size. Shell length (in um) of each
replicate larval group, for each stage of development. Results of
multiple comparison tests, one-way ANOVA and/or Kruskal-Wallis test (see
Methods).

REPLICATE NUMBER

STAGE

Straight-hinge
(x)
(SD)
(N)

Umbo
(x)
(SD)
(N)

Pediveliger
(x)
(SD)
(N)

5
99.4
4.4
25

3
100.8
6.2
25

4
104.6
4.1
25

1
105.2
5.1
25

2
108.6
5.9
25

2
126.0
2.5
25

5
128.6
4.7
25

4
129.2
9.2
25

3
132.6
4.8
25

1
136.8
5.6
25

5
164.3
7.1
25

4
164.4
8.2
25

3
165.2
4.7
25

1

2

12.47

0.0000

F
3.00

£
0.0000

169.4 179.4
5.8
6.7
25
25

Lines connect replicate groups whose shell sizes are not significantly
different.
(x)- mean size, (SD)- standard deviation, (N)= sample size.
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Upward vertical swimming velocity
The upward vertical swimming velocity of S. solidissima straighthinge larvae ranged from 0.18 to 0.26 mm s
0.25 to 0.49 mm s
mm s ^ (Table 4).

in umbo larvae ranged from

and in pediveliger larvae ranged from 0.30 to 0.40
The velocity was significantly higher for straight-

hinge larvae swimming in 30°/oo salinity than in 25°/oo salinity.
Upward vertical velocity was also significantly higher for umbo larvae
swimming in 25 or 30°/oo salinity than in 20°/oo salinity water.
Pediveliger larvae significantly increased their upward vertical
velocity as salinity increased from 25 to 30°/oo (Table 4).

The

velocity was significantly different among the three stages of
development at the same salinity (Table 5).

Upward vertical velocity of

the straight-hinge veliger was significantly slower than for the umbo
and pediveliger stages at 30°/oo salinity, while at 25°/oo salinity
vertical velocity was significantly different among all three stages.
Upward vertical velocity ranged from 0.25 to 0.38 mm s ^ in M.
lateralis straight-hinge larvae, ranging from 0.32 to 0.50 mm s ^ in
umbo larvae and from 0.31 to 0.34 mm s ^ in pediveliger larvae (Table
6).

Upward vertical velocity

was significantly different among

straight-hinge larvae swimming in 30, 25 and 20°/oo salinity waters.
There was a significant difference in upward vertical velocity also
among umbo larvae swimming in 25 and 20°/oo salinity; however the upward
velocity was not significantly different in umbo larvae swimming in 30
and 25°/oo or in 15 and 20°/oo salinity.

There was no significant

difference in upward vertical velocity between pediveliger larvae
swimming in 25 and 30°/oo waters (Table 7).

At 30°/oo salinity, as well
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TABLE^4. Spisula solidissima. Upward vertical swimming velocity (in
mm s ). Comparison of mean velocity among three salinities, at three
larval stages. Results of multiple comparison test, t-test and/or one
way ANOVA (see Methods).

STAGE
30°/oo
Straight-hinge
(x)
(SD)
(N)

0.26
0.15
30

SALINITY
25°/oo

20°/oo
t
2.91

0.18
0.09
30

Umbo

(x)
(SD)
(N)

0.40
0.23
30

0.49
0.19
30

(x)
(SD)
(N)

0.40
0.16
30

0.30
0.14
30

Pediveliger

0.25
0.24
30

p
0.005

F
8.76

E
0.0003

t
2.68

p
0.009

Lines connect salinities at which the mean upward velocities are not
significantly different.
(x) = mean velocity, (SD)— standard deviation,
(N)— sample size.
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TABLE^5. Spisula solidissima. Upward vertical swimming velocity (in
mm s ). Comparison of mean velocity among three larval stages, at two
salinities. Results of multiple comparison test and one-way ANOVA (see
Methods).

SALINITY

STAGE
Straight-hinge

Umbo

Pediveliger

30°/oo
(i)

0.26

0.40

0.40

F
5.53

(x)

0.18

0.49

0.30

F
33.05

25°/oo

R
0.006

R
0.0000

20°/oo
(x)

0.25

Line connects larval stages whose velocity values are not significantly
different.
(x)= mean velocity. Sample size shown in Table 4.
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TABLE 6. ^Mulinia lateralis. Upward swimming vertical velocity
(in mm s ) of three larval stages, at four salinities

SALINITY

STAGE
Straight-hinge

Umbo

Pediveliger

30°/oo

(x)
(SD)
(N)

0.35
0.18
30

0.50
0.18
30

0.31
0.16
17

25°/oo

(x)
(SD)
(N)

0.25
0.12
30

0.49
0.18
30

0.34
0.12
30

20°/oo

(x)
(SD)
(N)

0.38
0.16
30

0.32
0.14
30

15°/oo

(x)
(SD)
(N)

0.32
0.16
30

(x)“ mean size, (SD)*= standard deviation, (N)= sample size.
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TABLE^7. Mulinia lateralis. Upward vertical swimming velocity (in
mm s ). Comparison of mean velocities among salinities, at three
stages of development. Results of multiple comparison tests, one-way
ANOVA and/or _t-test (see Methods).

STAGE

SALINITY
25°/oo

30°/oo

20°/oo

0.25

0.35

0.38

15°/oo

20°/oo

25°/oo

30°/oo

0.32

0.32

0.49

0.50

Straight-hinge
(x)

Umbo
(x)

F
5.28

£
0.007

F
5.64

0.001

30°/oo

25°/oo

0.31

0.34

Pediveliger
(x)

t
-0.63

0.53

Lines connect salinities in which the mean upward velocities are not
significantly different.
(x)= mean velocity. Sample size shown in
Table 6.

p.
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as at 25°/oo salinity water, upward vertical velocity of umbo larvae was
greater than that of straight-hinge and pediveliger larvae (Table 8).
Upward vertical velocity in R. cuneata straight-hinge veliger
larvae ranged from 0.18 to 0.38 mm s
to 0.50 mm s
(Table 9).

in umbo larvae ranged from 0.36

and in pediveliger larvae, from 0.22 to 0.53 mm s ^

Some significant differences in upward vertical velocity

were found among larvae swimming in different salinities and in
different stages of development (Tables 10 and 11).

The lowest values

of upward vertical velocity in R. cuneata larvae were recorded at the
highest salinity (25°/oo) and conversely, at least in pediveliger
larvae, the highest vertical velocity was obtained at the lower
salinities.

A similar pattern of upward vertical velocity, with its

peak during the umbo

stage, occurred in the three species independently

from the differences

in sizes among them (Figure 6).

Downward vertical swimming velocity
Downward vertical velocity in S.. solidissima was analyzed only for
straight-hinge and umbo larvae.

In straight-hinge veliger larvae,

downward vertical velocity ranged from 0.16 to 0.18 mm s ^ and it was
not significantly different among larvae swimming in 30°/oo and 25°/oo
salinity.

Downward vertical velocity ranged from 0.22 to 0.37 mm s ^ in

umbo larvae and was significantly higher in larvae swimming in 25°/oo
than in 20°/oo salinity (Table 12).

In 25°/oo, umbo larvae swam

significantly faster than straight-hinge veliger larvae (Table 13).
Downward vertical velocity of M. lateralis was also analyzed only
in the first two stages of development because only a few pediveliger
larvae swam downwards; passive sinking was much more frequent.

There
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TABLE 8. ^Mulinia lateralis. Upward vertical swimming velocity
(in mm s ). Comparison of upward velocity among three larval stages, at
two salinities. Results of multiple comparison tests and one-way ANOVA
(see Methods).

SALINITY

STAGE
Pediveliger

30°/oo

(x)

0.31

25°/oo

Straight-hinge
(x)
0.25

Straight-hinge

0.35

Pediveliger
0.34

Umbo

0.50

F
p
8.79 0.000

Umbo
0.49

12.33 0.000

Lines connect larval stages whose velocities are not significantly
different.
(x)= mean velocity. Sample size shown in Table 6.
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TABLE 9. Rangia cuneata. Upward vertical swimming velocity (in mm s
of three larval stages, at five salinities.

)

STAGE

SALINITY
Straight-hinge

Umbo

Pediveliger

0.36
0.10
30

0.22
0.09
30

25°/oo

<x)
(SD)
(N)

0.18
0.06
30

20°/oo

(x)
(SD)
(N)

0.31
0.08
30

0.50
0.14
30

0.26
0.09
30

15°/oo

(x)
(SD)
(N)

0.26
0.10
30

0.44
0.16
30

0.41
0.15
30

10°/oo

(x)
(SD)
(N)

0.38
0.12
30

0.49
0.14
30

0.45
0.15
30

5°/oo

(x)
(SD)
(N)

0.24
0.10
30

0.45
0.14
30

0.53
0.17
30

(x)— mean size, (SD)= standard deviation, (N)= sample size.
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TABLE^IO. Rangia cuneata. Upward vertical swimming velocity (in
mm s ). Comparison of mean velocities among salinities at three larval
stages. Results of multiple comparison tests and one-way ANOVA (see
Methods).

STAGE

SALINITY
25°/oo

Straight-hinge
(x)

5°/oo

15°/oo

20°/oo

10°/oo

0.26

0.31

0.38

10°/oo

20°/°o

0.45

0.49

0.50

20 /oo

1 5/ o o

10 /oo

5 /oo

0.26

0.41

0.45

0.53

0.18

0.24

25°/oo

15°/oo

0.36

0.44

5°/oo

Umbo
(x)

25/ o o
Pediveliger
(x)

0.22

F
£
18.66 0.0000

F
£
48.43 0.0011

F
£
27.82 0.0000

Lines connect salinities in which the mean upward velocities are not
significantly different.
(x)= mean velocity. Sample size shown in
Table 9.
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TABLEAU. Rangia cuneata. Upward vertical swimming velocity (in
mm s ). Comparison of upward velocity among three larval stages, at
five salinities. Results of multiple comparison tests and one-way ANOVA
(see Methods).

SALINITY

STAGE

F

E

Umbo
0.36

38.60

0

Straight-hinge
0.31

Umbo
0.50

40.76

0.

Pediveliger
0.22

25/oo

(x)

Straight-hinge
0.18

/"V
20 /oo

(x)

Pediveliger
0.26

/■'I
1 5/oo

(x)

Straight-hinge
0.26

Pediveliger
0.41

Umbo
0.44

15.42

0,

10 /oo

(x)

Straight-hinge
0.38

Pediveliger
0.45

Umbo
0.49

53.93

0.

r\
5/oo

(X)

Straight-hinge
0.24

Pediveliger
20.74
0.53

0.

Umbo
0.45

Lines connect salinities in which the mean upward velocities are not
significantly different.
Sample size shown in
(x)= mean velocity.
Table 9.
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Figure 6. Relationship between upward vertical velocity and shell
length for Spisula solidissima (SS), Mulinia lateralis (ML) and Rangia
cuneata (RC) larvae.
Shell length values are the mean shell size of
each larval stage (shown in Tables 1-3). Upward vertical velocity
values are the mean upward vertical velocity at each larval stage (shown
in Tables 4, 6 and 9).
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TABLE^12. Snisula solidisslma. Downward vertical swimming velocity (in
mm s ). Comparison of mean velocities between salinities at two larval
stages. Results of t-tests (see Methods).

STAGE

Straight-hinge

Umbo

SALINITY

(x)
(SD)
(N)

(x)
(SD)
(N)

30°/oo

25°/oo

0.16
0.07
30

0.18
0.09
30

20°/oo

25°/oo

0.22
0.12
30

0.37
0.14
30

t

p.

-1.32

0.193

4.81

0.000

Line connects salinities in which the mean upward velocities are not
significantly different.
(x)*= mean velocity, (SD)*= standard deviation,
(N)— sample size.
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TABLE^13. Spisula solidissima. Downward vertical swimming velocity (in
mm s ). Comparison of downward velocity between larval stages, at
25 /oo salinity. Results of a t-test (see Methods).

SALINITY

STAGE
Straight-hinge

25°/oo

(x)

(x)“ mean velocity.

0.18

Umbo
0.37

Sample size shown in Table 12.

t -6.44

p 0.000
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was no significant difference in downward vertical velocity of straighthinge larvae swimming in 25°/oo or 30°/oo salinity nor among larvae
swimming at 25°/oo or 20°/oo; however, there was a significant
difference in larvae swimming at 20°/oo and 30°/oo salinity (Table 15).
Downward vertical velocity in straight-hinge larvae ranged from 0.22 to
0.49 mm s ^and in umbo larvae it ranged from 0.37 to 0.52 mm s ^ (Table
14).

There was no significant difference in downward vertical velocity

between straight-hinge and umbo larvae at 25°/oo, the only salinity
tested due to an insufficient sample size (Table 16).
Downward vertical velocity was not analyzed within the same stage
in R. cuneata because of insufficient data; however, the few velocity
values available are shown in Table 17.

Downward vertical velocity of

straight-hinge larvae was significantly lower than the velocity of umbo
and pediveliger larvae swimming in 10°/oo salinity water (Table 17).

Sinking
Sinking velocity increased throughout larval development in Sk
solidissima and M. lateralis. but not in R. cuneata.

There was an

increase in sinking velocity with an increase in larval size in the
first two species (Figure 7) (not statistically tested because larval
size was only used as reference of the larval stage).

Spisula

solidissima straight-hinge veliger larvae sank at 0.64 mm s ^ (SD= 0.13
1
N= 50), umbo larvae sank
at 1.33 mm s (SD= 0.30 N= 50) and pediveliger
_

larvae sank at 2.23 mm s^ (SD= 0.49 N= 35).Sinking velocity was
significantly different among the three stages (Table 18).
Mulinia lateralis straight-hinge
0.09 N= 50), umbo larvae

larvae sank at 0.67 mm s ^ (SD>=

sank at 1.12 mm s ^ (SD= 0.16 N-= 50) and
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TABLE _].4
Mulinia lateralis. Dovmward vertical swimming velocity (in
mm s ) of three larval stages, at five salinities.

SALINITY

STAGE
Straight-hinge

Umbo

30°/oo

(x)
(SD)
(N)

0.49
0.21
30

0.50
0.29
3

25°/oo

(x)
(SD)
(N)

0.42
0.17
30

20°/oo

(x)
(SD)
(N)

0.37
0.15
30

0.52
0.21
5

15°/oo

(x)
(SD)
(N)

0.30
0.13
10

0.48
0.17
30

10°/oo

(x)
(SD)
(N)

0.22
0.10
6

0.37
0.12
4

0.48
0.17
30

(x)— mean size, (SD)— standard deviation, (N)— sample size.

Pediveliger

0.17
0.10
3
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TABLE^15. Mulinia lateralis. Downward vertical swimming velocity (in
mm s ). Comparison of mean velocities among salinities at three larval
stages. Results of multiple comparison test, one-way ANOVA and/or ttest (see Methods).

STAGE

Straight-hinge

SALINITY

(x)

20°/oo

25°/oo

30°/oo

0.37

0.42

0.49

25°/oo

15°/oo

F
3.36

t
Umbo

(x)

0.48

0.48

0.12

p
0.039

2
0.907

Lines connect salinities in which the mean downward velocities are not
significantly different.
(x)= mean velocity. Sample size shown in
Table 14.
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TABLE^16. Mulinia lateralis. Downward vertical swimming velocity (in
mm s ). Comparison of downward velocity between larval stages, at
25 /oo. Results of a t-test (see Methods).
SALINITY

25°/oo

STAGE

(x)

Straight-hinge
0.42

Umbo
0.48

t
-1.33

p.
0.911

Line connects larval stages whose mean downward velocities are not
significantly different.
(x)— mean velocity. Sample size shown in
Table 14.
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Rangia cuneata. Downward vertical swimming velocity (in
TABLE117
mm s ) . Comparison of downward velocity among three larval stages, at
10°/oo. Results of a multiple comparison test and one-way ANOVA (see
Methods)

STAGE

SALINITY
Straight-hinge
20°/oo

(x)
(SD)
(N)

15°/oo

(x)
(SD)
(N)

10°/oo

(x)
(SD)
(N)

0.30
0.11
30

5°/oo

(x)
(SD)
(N)

0.26
0.11
14

0.25
0.00
1

Umbo

Pediveliger

0.57
0.00
1
0.56
0.22
6
0.53
0.20
30

0.59
0.16
30

I
28.30

E
0.0000

0.52
0.21
5

Line connects salinities in which the mean downward velocities are not
significantly different.
(x) — mean size, (SD)— standard deviation, (N)=
sample size.
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Figure 7. Relationship between sinking velocity and shell length for
Spisula solidissima (SS), Mulinia lateralis (ML) and Rangia cuneata (RC)
larvae.
Shell length values are the mean shell size of each larval
stage (shown in Tables 1-3).
Sinking velocity values are the mean
sinking velocity for each larval stage (shown in Tables 18-20).
Circle=
straight-hinge larvae; triangle— umbo larvae; diamond— pediveliger
larvae.
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TABLE 18. Spisula solidissima. Sinking velocity (in mm s ).
Comparison among three stages of development, at 30 /oo salinity,
Results of a multiple comparison test and one-way ANOVA (see Methods).

STAGE

(x)
(SD)
(N)

Straight-hinge
0.64
0.13
50

Umbo
1.33
0.30
50

Pediveliger
2.23
0.49
35

275.88

(x)— mean velocity, (SD)- standard deviation, (N)- sample size.

0.0000
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pediveliger larvae sank at 1.30 mm s ^ (SD*» 0.24 N= 50).

There was a

significant difference in sinking velocity among the three stages (Table
19).
Rangia cuneata straight-hinge larvae sank at 2.31 mm s ^ (SD= 0.73
N— 50), umbo larvae sank at 1.36 mm s ^ (SD= 0.31 N— 50) and pediveliger
larvae sank at 1.74 mm s ^ (SD= 0.58 N== 50).

There was a significant

difference in sinking velocity among the three stages (Table 20).

Larval vertical distribution
Spisula solidissima larvae displayed a distinctive non-homogeneous
vertical distribution (G= 12.151 df= 4

0.0163) (Figure 8, Table 21).

Vertical distribution did not differ among replicates within stagesalinity regime combinations.

In the homogeneous 30°/oo salinity water

column (control), straight-hinge larvae were slightly more abundant
(41.8%) in the upper half of the water column when compared to their
concentration in the hypothetical discontinuity and bottom layer; nearly
70% of the umbo larvae and 20% of the pediveliger larvae were in the
upper layer.
In the 25/30°/oo salinity regime with a discontinuity magnitude of
5°/oo salinity, 68% of straight-hinge larvae were swimming in the
discontinuity layer and 13% were in the bottom 30°/oo salinity water
layer.

The concentration of umbo larvae decreased in these two layers

(i.e. they moved up into the 25°/oo salinity layer).

The concentration

of pediveliger larvae (67.5%) was again higher in the discontinuity
layer.
In the 20/30°/oo salinity regime with a discontinuity magnitude of
o
10 /oo salinity, more than 79% of the larvae in the three stages of
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TABLE 19. Mulinia lateralis. Sinking velocity (in mm s ). Comparison
among three stages of development, at 25 /oo salinity. Results of a
multiple comparison test and a Kruskal-Wallis test (see Methods).
STAGE

9
X

(X)

(SD)
(N)

Straight-hinge
0.67
0.09
50

Umbo
1.12

0.16
50

Pediveliger
1.30
0.24
50

106.51

(x)— mean velocity, (SD)— standard deviation, (N)— sample size.

£
0.0000
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TABLE 20. Rangia cuneata. Sinking velocity (in mm s ). Comparison
among three larval stages, at 10 /oo salinity. Results of a multiple
comparison test and one-way ANOVA (see Methods).

STAGE
F

(X)

(SD)
(N)

Straight-hinge
2.31
0.73
50

Umbo
1.36
0.31
50

Pediveliger
1.74
0.58
50

35.09

(x) — mean velocity, (SD)— standard deviation, (N)- sample size.

£
0
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Figure 8. Vertical distribution of Spisula solidissima larvae swimming
in different salinity regimes. Each salinity regime is constituted by
two salinity layers (indicated by their actual salinity values) and the
discontinuity originated between them. Results expressed in percentage
of larvae in each layer after 30 min upon introduction into the
experimental chambe£. Larvae were initially in the bottom 30 /oo
salinity layer. 30 — 30 /oo salinity layer but initially without
larvae.

SPISULA SOLIDISSIMA
STRAIGHT-HINGE LARVAE

UMBO LARVAE

LU

o

DC
LU
CL

PEDIVELIGER LARVAE

2 5 /3 0

2 0 /3 0

15/30

SALINITY REGIME

3 0 */3 0
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TABLE 21. Spisula solidissima. Vertical distribution of larvae of
three developmental stages, subjected to four salinity regimes. Each
salinity layer and the discontinuity (Disc) originated between them, in
the vertical order in which they were positioned in the experiments, is
indicated as Layer. Concentration and percentage of larvae were
obtained at the termination of the 30 mi^xi trials. Larvae were initially
placed in the 30 /oo salinity layer. 30 - 30 /oo salinity layer but
initially without larvae.

LARVAL
STAGE

Straight
hinge

SALINITY
REGIME
(°/oo)

25/30

20/30

15/30

30/30

LAYER

25
Disc
30

20
Disc
30

15
Disc
30

30
Disc
30

CONCENTRATION
OF LARVAE,
(N ml'1)

PERCENTAGE
OF LARVAE
(%)

29.7
105.6
20.1

19.1
68.0
12.9

155.4

100.0

3.4
212.1
44.7

1.3
81.5
17.2

260.2

100.0

0.1
129.4
42.3

0.1
75.3
24.6

171.8

100.0

30.3
23.3
18.9

41.8
32.1
26.1

72.5

100.0
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TABLE 21. Cont.

Umbo

25/30

25
Disc
30

23.6
27.2
8.7
59.5

20/30

20
Disc
30

4.0
106.1
16.6
126.7

15/30

15
Disc
30

0.1
160.0
19.2
179.3

30/30*

30*
Disc
30

37.8
6.7
10.0
54.5

39.7
45.7
14.6
100.0

3.2
83.7
13.1
100.0

0.1
89.2
10.7
100.0=
69.4
12.3
18.3
100.0
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TABLE 21. Cont.

Pediveliger

25/30

20/30

25
Disc
30

20

Disc
30

15/30

30/30*

15
Disc
30

k
30
Disc
30

18.1
52.8
7.3

23.1
67.5
9.4

78.2

100.0

0.6
57.8
14.7

0.9
79.0
20.1

73.1

100.0

0.0
41.6
18.0

0.0
69.8
30.2

59.6

100.0

8.3
20.0
12.8

20.2
48.7
31.1

41.10

100.0
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development were swimming in the discontinuity layer and less than 4%
were in the upper 20°/oo salinity layer.
In the 15/30°/oo salinity regime with a discontinuity magnitude of
15°/oo salinity, less than 1% of the larvae in any stage of development
went into the 15°/oo salinity layer; most of the larvae concentrated in
the discontinuity, although pediveliger larvae were more abundant in the
30°/oo salinity bottom layer when compared with the concentration of
straight-hinge and umbo larvae in the same initial layer.
Mulinia lateralis larvae were not homogeneously distributed in the
water column (G= 35.779 df= 2 p= 0.0001) (Figure 9, Table 22).

Vertical

distribution did not differ among replicates within stage-salinity
regime combinations.
o
In the homogeneous 25 /oo salinity water column (control), more
than 85% of straight-hinge larvae and 63% of umbo larvae were in the
upper half of the column, but 70% of the pediveliger larvae were
swimming in the hypothetical discontinuity and bottom layer.
In the 25/30°/oo salinity regime, more than 85% of the larvae in
the three stages of development were in the discontinuity and in the
upper 25°/oo salinity layer.

However, in the 20/25°/oo salinity regime,

most of the straight-hinge and umbo larvae were in the discontinuity,
but pediveliger larvae increased to almost a 63% in the bottom layer.
In the 25/15°/oo salinity regime less than 2% of straight-hinge, umbo
and pediveliger larvae were swimming in the upper 15°/oo salinity layer;
most of the larvae were in the discontinuity and a number of pediveliger
larvae were in the bottom layer.

In the 10/25°/oo salinity regime, less

than 0.5% of the larvae, at any stage of development, were swimming in
the 10°/oo salinity upper layer; straight-hinge and umbo larvae were
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Figure 9. Vertical distribution of Mulinia lateralis larvae in
different salinity regimes. Legend as in Figure 8. Larvae were
initially in the 25 /oo salinity layer. 25 — 25 /oo salinity layer but
initially without larvae.
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<
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TABLE 22. Mulinia lateralis. Vertical distribution of larvae of three
developmental stages, subjected to five salinity regimes. Leyend as in
Ta^le 21. Larvae were initially placed in the 25 /oo salinity layer.
25 = 25 /oo salinity layer but initially without larvae.

LARVAL

Straight
hinge

SALINITY
REGIME
(°/oo)

10/25

15/25

20/25

25/30

25/25

LAYER

10
Disc
25

15
Disc
25

20
Disc
25

25
Disc
30

*
25
Disc
25

CONCENTRATION
OF LARVAE..
(N ml )

PERCENTAGE
OF LARVAE
(%)

0.8
140.0
44.1

0.4
75.7
23.9

184.9

100.0

2.1
167.8
35.2

1.0
81.8
17.2

205.1

100.0

14.7
82.8
35.6

11.0
62.2
26.8

133.1

100.0

45.2
57.2
12.5

39.3
49.8
10.9

114.9

100.0

36.7
3.3
3.0

85.3
7.7
7.0

43.0

100.0
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TABLE 22. Cont.

Umbo

10/25

10
Disc
25

0.2
168.9
27.7
196.6

15/25

15
Disc
25

3.3
136.6
27.1
167.0

20/25

20
Disc
25

14.9
62.8
22.8
100.5

25/30

25/25

25
Disc
30

25*
Disc
25

38.4
31.7
2.6

0.1
85.8
14.1
100.0

2.0
81.8
16.2
100.0

14.8
62.5
22.7
100.0

52.8
43.6
3.6

72.7

100.0

28.6
6.7
10.0

63.1
14.8
22.1

45.3

100.0

TABLE 22. Cont.

Pediveliger

10/25

15/25

20/25

25/30

25/25

10
Disc
25

15
Disc
25

20
Disc
25

25
Disc
30

*
25
Disc
25

0.0
20.0
26.2

0.0
43.3
56.7

46.2

100.0

0.1
29.4
20.4

0.1
59.0
40.9

49.9

100.0

1.0
14.4
25.8

2.4
35.0
62.6

41.2

100.0

16.5
26.7
7.7

32.4
52.4
15.2

50.9

100.0

15.8
16.7
20.8

29.7
31.3
39.0

53.3

100.0
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mostly in the discontinuity, but pediveliger were more abundant in the
25°/oo salinity bottom layer.
Rangia cuneata larvae were not homogeneously distributed along the
water column (G-= 37.250 df— 2

0.0001) (Figure 10, Table 23).

Vertical distribution did not differ among replicates within stage salinity regime combinations.
In the homogeneous 10°/oo salinity water column (control), in which
larvae were initially placed in the bottom layer, 76% of straight-hinge,
83% of umbo larvae, and 63% of the pediveliger larvae were swimming in
the upper layer and in the hypothetical discontinuity.
In the 5/10°/oo salinity regime, only 4% of the straight-hinge and
umbo larvae, and 5.6% of the pediveliger larvae were swimming in the
5°/oo salinity layer.

Over 82% of the larvae in the three stages of

development were in the narrow discontinuity layer.
The distribution of larvae in the 10/20°/oo salinity regime was
very similar to that observed in the 10/15°/oo salinity regime.

In both

salinity regimes, from 36 to 53% of the larvae were swimming in the
10°/oo upper layer and from 45 to 60% were distributed in the
discontinuity layer.

Fewer larvae (0.4 to 1.4%) were swimming in the

15°/oo bottom layer in comparison to the number of larvae

(1.0 to 3.1%)

swimming in the 20°/oo bottom layer.
In the 10/25°/oo salinity regime, although most of the larvae in
the three stages of development concentrated in the discontinuity, more
larvae were swimming in the 25°/oo salinity bottom layer in comparison
to the concentration observed in the 15 and 20°/oo bottom layers.
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Figure 10. Vertical distribution of Rangia cuneata larvae in different
salinity regimes. Legend gs in Figure 8. Larvae were initially in the
10 /oo salinity layer. 10 «= 10 /oo salinity layer but initially without
larvae.
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TABLE 23. Rangia cuneata. Vertical distribution of larvae of three
developmental stages, subjected to five salinity regimes. Leyend as in
Talkie 21. Larvae were initially placed in the 10 /oo salinity layer.
10 — 10 /oo salinity layer but initially without larvae.

LARVAL
STAGE

Straight
hinge

SALINITY
REGIME
(°/oo)

05/10

10/15

10/20

10/25

10-10

LAYER

05
Disc
10

10
Disc
15

10
Disc
20

10
Disc
25

10
DisS
10

CONCENTRATION
OF LARVAE..
(N ml'1)

PERCENTAGE
OF LARVAE
(%)

6.8
139.4
19.5

4.1
84.1
11.8

165.7

100.0

34.0
48.5
1.1

40.7
58.0
1.3

83.6

100.0

39.0
64.6
2.4

36.8
60.9
2.3

106.0

100.0

34.0
79.8
7.2

28.1
66.0
5.9

121.0

100.0

23.8
20.0
13.8

41.3
34.8
23.9

57.6

100.0
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TABLE 23.

Umbo

Cont.

05/10

05
Disc
10

5.4
115.9
19.1
140.4

10/15

10
Disc
15

31.9
34.0
0.2
66.1

10/20

10
Disc
20

34.5
42.0
0.8
77.3

10/25

10
Disc
25

31.4
90.7
4.5
126.6

10/10*

10
Disc
10

25.0
20.0
9.4
54.4

3.9
82.5
13.6
100.0

48.2
51.4
0.4
100.0

44.7
54.3
1.0
100.0

24.8
71.6
3.6
100.0

45.9
36.8
17.3
100.0
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TABLE 23.

Pediveliger

Cont.

05/10

10/15

10/20

05
Disc
10

10
Disc
15

10
Disc
20

11.0
169.4
14.3

5.6
87.0
7.4

194.7

100.0

42.2
36.1
1.1

53.2
45.4
1.4

79.4

100.0

46.2
56.7
3.3

43.5
53.4
3.1

106.2
10/25

10
Disc
25

38.8
50.6
6.4
95.8

10/10*

10
Disg
10

16.4
23.3
23.9
63.6

100.0
40.6
52.8
6.6
100.0

25.8
36.6
37.6
100.0

80

Velar morphology
The morphology of the velum was different among S. solidissima. M.
lateralis. and R. cuneata larvae examined with SEM (Figures 11-14).

In

the three species, the outer band of cilia consisted of cylindrical
cilia with blunted tips.

Except for R. cuneata larvae, the inner band

of the velum is constituted of cylindrical cilia whose distal portion
terminate in a paddle (£>. solidissima) . or in a disc 1-1.3 um in
diameter (M. lateralis).

The cilia of R. cuneata larvae were also

cylindrical but had blunted tips.

The central ciliary tuft of S..

solidissima and M. lateralis consisted also of paddle and discocilia,
respectively, but in R. cuneata. the tuft had only cylindrical cilia.
The diameter of the ciliary shafts in the three species ranged between
0.2 to 0.4 um.
measured.

The length of the cilia in the different bands was not
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Figure 11. Scanning electron micrographs of the velum in three mactrid
bivalves. (A) Spisula solidissima: (B) Mulinia lateralis: (C) Rangia
cuneata. (2000X).
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Figure 12. Scanning electron micrographs of the velum in three mactrid
bivalves. (A) Spisula solidissima: (B) Mulinia lateralis: (C) Rangia
cuneata. (2000X).
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Figure 13. Scanning electron micrographs of the velum in three mactrid
bivalves. Details of the inner ciliary bands showing paddle cilia,
discocilia and blunted cilia. (A) Snisula solidissima: (B) Mulinia
lateralis: (C) Rangia cuneata. (5000X).
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Figure 14. Scanning electron micrographs of the larval velum in two
mactrid bivalves. Details of the central ciliary tuft showing discocilia
and blunted cilia. (A) Mulinia lateralis: (B) Rangia cuneata. (10,000X).
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DISCUSSION

Under natural conditions, the duration of larval development in
bivalves depends on genetic characteristics and abiotic factors such as
temperature, salinity, food and water quality (Culliney et al. , 1975;
Chanley, 1981); however, under experimental conditions, a high larval
concentration may contribute to extended larval development (Sprung,
1984).

Since temperature and salinity were in the optimal range

reported elsewhere for S. solidissima. M. lateralis and R. cuneata (see
Appendix), high larval concentration probably caused the delays of
three, five and eleven days in the development of my cultures of the
three species, respectively.

Although a reportedly suitable algal diet

was provided to the larvae (Jespersen and Olsen, 1982), its
concentration of ca. 50 cells ul ^ might have been inadequate in these
crowded conditions.
Differences in size (shell length) among larvae in the same stage
of development could be explained by the natural variability in
individual growth rate (Bayne, 1983) which can be influenced by
temperature and food supply Sprung (1984).

These differences in larval

size could be also caused by an inadequate sorting method; smaller
differences in mesh sizes among screens would result in a more
homogeneous size class.
Larvae of the three species exhibited a swimming pattern similar to
that described for other bivalve larvae such as 0. edulis (Cragg and
Gruffydd, 1975), P. maximus (Cragg, 1980) and A. islandica (Mann and
Wolf, 1983).
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The fact that mean upward velocity
larvae and decreased in the pediveliger

increased to a maximum in umbo
stage canbe explained by the

changes in larval velar morphology andthe relationship between velum
and larval weight (Chia et al., 1984).

The velum is developed to its

maximum extent at the end of the umbo stage; during the pediveliger
stage larvae become both denser and heavier and the velum is unable to
counteract the larval weight and to efficiently propel the larva.
Consequently, larvae tend to concentrate near the bottom where they
begin to search and test the substrate for settlement.
Larvae swam actively upwards and downwards, and sank passively.
The range of mean upward vertical velocity of larvae of the three
species was between 0.18 and 0.53 mm s

this includes velocity values

reported for C. virginica (Hidu and Haskin, 1978), P. maximus (Cragg,
1980) and A. islandica (Mann and Wolf, 1983) (Table 24).

Comparisons of

the swimming velocities from this study with previously reported values
for larvae of other bivalve species are difficult because, as
Mileikovsky (1973) pointed out, neither the type of velocity (true or
vertical), the swimming direction (upward or downward), nor the
environmental conditions (e.g. temperature and salinity) in which these
measurements were obtained, have generally been reported.

Lack of

uniformity in both the methods used to obtain the data and the
dimensional units to report them are a potential source of confusion and
error (e.g. the reviews of Mileikovsky (1973) and Chia et aJL. (1984)
reported differently the original velocity data for M. mercenaria, C.
virginica and T. pedicellatus).
The range of mean downward vertical velocity of .S. solidissima. M.
lateralis and R. cuneata larvae was between 0.16 and 0.59 mm s
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TABLE 24.

Vertical swimming and sinking velocities of some bivalve larvae.

SPECIES

A. islandica

C. virginica

0. edulis

P. maximus

LARVAL
SIZE
(urn)

UP. VERTICAL
VELOC.L
(mm s )

170
200

0.37
0.28

75
300

0.10
0.83

165
200-250

1.23

(22 d-old)
(41 d-old)

0.17
0.46

SINKING
VELO C ^
(mm s )

Mann & Wolf 1983
It

0.83
8.30

Hidu & Haskin 1978

2.70

Walne 1965
Cragg & Gruffydd 1975
tf

245

7.70

7.01

S. solidissima

95
145
200

0.22
0.38
0.35

0.64
1.33
2.23

90
120
160

0.33
0.40
0.32

0.67
1.12
1.30

105
130
170

0.27
0.45
0.37

2.31
1.36
1.74

R. cuneata

tf

Cragg 1980

T. bartschi

M. lateralis

REFERENCE

Isham & Tierney 1953
This study
tt
ft

tf
tf
tt

ft

If
tt

Although downward vertical velocity was not measured in all stages, the
values obtained were in the same range of those of the upward vertical
velocity.
Larval sinking velocity (0.64 - 2.31 mm s

was always higher than

the active vertical swimming velocity in the three species.

A strict

comparison between these results on larval sinking and those reported
elsewhere can only be made between S. solidissima and C. virginica
larvae (Hidu and Haskin, 1978).

In these two species, sinking velocity

data were obtained under similar temperatures (23° and 25°C
respectively) and salinity (25°/oo), both parameters directly
influencing the water density which is one of the major factors
affecting larval sinking.

Although S. solidissima straight-hinge larvae

were on average larger (95.8 urn) than C. virginica straight-hinge larvae
(75.0 um), the mean sinking velocity in the former was lower (0.60 mm
s ^) than in the latter species (0.80 mm s ^).

Spisula solidissima

pediveliger larvae (195.3 um) sank considerably slower (2.20 mm s ^)
than 300 um pediveliger larvae of both, C. virginica (8.30 mm s ^) and
0. edulis (6.00 mm s ^) (Walne, 1965); however, in this last species,
larval sinking velocity was calculated for larvae swimming at 21°C
temperature and ca. 31-32 °/oo salinity.

These results corroborate the

hypothesis that larval sinking also depends on larval size (Walne, 1965)
and may be proportional to the square of the body size (Chia et al.,
1984).

Another important factor affecting the larval sinking velocity

is the larval density (Chia e_t al. , 1984) . A maximum larval density of
1.192 g cm ^ has been reported by Gallager (1985) for Bankia gouldi;
unfortunately, this author did not report the larval size.

Possible

explanations for the high sinking velocity of R. cuneata straight-hinge
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larvae compared to S. solidissima and M. lateralis straight-hinge larvae
include differences in the larval lipid content and the shell thickness.
Lipids constitute an important energy reserve and play an essential role
in the buoyancy control of bivalve larvae (Gallager et al., 1986).

A

reduction of the egg lipid content occurs as embryogenesis progresses
but as soon as larvae are capable of feeding, new lipid reserves are
stored in the larval tissues such as the digestive gland (Lucas et al.,
1986).

A decrease in lipids as larvae grow older causes an increase in

larval density (Vogel, 1981).

The lipid content in R. cuneata straight-

hinge larvae might be initially lower than in the straight-hinge larvae
of the other two species.

As development progresses, S.. solidissima and

M. lateralis larvae may catabolize their lipid content faster than R.
cuneata larvae, decreasing their differences in lipid content compared
to this last species; this speculation would help to explain why no
major differences were observed in the sinking velocity among umbo
larvae in the three species (Figure 7).

The greater sinking velocity of

S. solidissima pediveliger larvae could be explained only by differences
in size.

Shell thickness could also influence sinking velocity.

Although not quantitatively determined, it is reasonable to predict a
thicker shell in R. cuneata larvae even in the straight-hinge stage, in
comparison to the other two species.

Since R. cuneata larvae swim in

low salinity water, they might be exposed to low pH which would cause
some shell dissolution; consequently, a thicker shell could be
simultaneously a protective mechanism against dissolution and a means
for a faster sinking.
Salinity gradients influence larval vertical distribution (Kinne,
1971).

Carriker (1986) indicated that Crassostrea larvae concentrate at
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the top of a salinity discontinuity and that the larger the magnitude of
the salinity discontinuity, "the more marked the concentration of
larvae".

This effect has been experimentally examined only in T.

diegensis and C. virginica by Harder (1968) and Kennedy and Van Heukelem
(1986), respectively.

Though it is unlikely that bivalve larvae

encounter gradients with such high salinity magnitudes, in my
experiments I considered important and valid to choose absolute salinity
values that were in the range of tolerance of each species (Cain, 1973;
Kennedy et al., 1974 and Roosenburg et al., 1984) and which can probably
be encountered by the larvae during their dispersal.

The rationale

behind this selection of discontinuity magnitudes was that if the larval
distribution was not affected by these extreme discontinuity values,
then lower magnitudes would make little or no difference.

Conversely,

if the results showed effects on larval distribution, then further
attempts should be made to determine the minimum magnitude of a
discontinuity that affect the vertical distribution of larvae.
Considering Chia et al. (1984) suggestions to minimize the "wall
effect", in this study only those larvae swimming or sinking near the
central portion of the chamber were timed.

Though these authors also

recommended the use of large experimental chambers, there was a
limitation on the size of the chamber imposed by the optics of the
available microscope (see Methods); nevertheless, no negative effect was
observed on the larval behavior.

Chia et al. (1984) also stressed the

importance of "virtually identical conditions" (e.g. temperature and
salinity) to reliably compare results on larval behavior of different
species.

In this study, salinity was the only changing environmental

parameter while light and temperature were kept constant.

Larval
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concentration in the experiments was the most difficult factor to
control.

Since successive dilutions of the larvae prior to the

experiments could cause some stress in their behavior, a visual estimate
of the number of larvae was the only alternative to reduce the
manipulation of the larvae.

No more than a hundred larvae is

recommended for studies using chambers of a size similar to those used
in this study.

Since the main interest focussed upon the interactive

relationships among the categorical variables (stage of development,
salinity regime, water layer, replicate and larval concentration), the
statistical method was appropriate.

The disadvantage consisted in the

difficulty of obtaining more information on lower levels of interaction
(e.g. a single salinity regime in relation to a specific stage of
development).
Although the results presented here are not strictly comparable to
the results obtained by other researchers because of differences in the
experimental design and species, some comparison is possible.

Spisula

solidissima. M. lateralis and R. cuneata larvae strongly accumulated
near the discontinuity, even when the gradient was 5°/oo salinity.

A

similar result was reported by Harder (1968); T. diegensis larvae
concentrated immediately above a salinity discontinuity of 5°/oo.
According to Kennedy and Van Heukelem (1986), C. virginica larvae are
capable of crossing a 5°/oo salinity discontinuity but these authors did
not report any particular concentration of larvae along the water
column.

Though my study supports the hypothesis that a salinity

gradient causes an heterogeneous vertical distribution in different
bivalve larvae, this distribution could be the result of a barrier
different from salinity.

Independently of the cause of the
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heterogeneous larval distribution in the gradient, how larvae detect
these gradients is still unknown.

Since Spisula solidissima. M.

lateralis and R. cuneata larvae were examined in salinity ranges within
their reported tolerances, it is tempting to suggest that larvae are
capable of staying within specific salinity ranges; however, some
caution must be taken before any experimental result is related to what
happens in nature as Stancyk and Feller (1986) pointed out.

Spisula

solidissima larvae remained in high salinity water in the experiments.
This selective distribution might confer some advantages in nature;
these larvae are unlikely to encounter large salinity variations in the
coastal zone where the water remains essentially unstratified during
summer, when larvae are present in the water column.

Mulinia lateralis

larvae, swimming in estuaries such as a partially mixed estuary should
avoid lower salinity water that flows on the surface, from the head
towards the mouth of the bay because larvae would be transported away
from the estuary.

It seems to be an appropriate strategy, to be

retained in an estuary, to remain near the discontinuity or in higher
salinity water (as observed in the experiments).

The relatively short

planktonic period of this species might also be involved in the
retention of these larvae along the estuary.

Greater abundances of R.

cuneata larvae in the discontinuity and 10°/oo salinity layer, as
observed in my experiment, suggest that larvae in nature would be
transported toward the mouth of the estuary; however, high sinking
velocity, especially in the first stages, and a short larval period may
offset the behavioral characteristic and aid in the retention of R.
cuneata larvae in the low salinity zone of most partially mixed
estuaries.

Stancyk and Feller (1986) have stressed that a model
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explaining larval dispersal in one type of estuary might be inapplicable
in another, "even if the same species occurs in both places".
Larval swimming involves not only a behavioral component but also
morphological adaptations to increase the locomotion efficiency with a
minimum energy expenditure.

The ciliated nature of the velum provides

larvae with a very efficient means of propulsion (Chia et al., 1984).
Cilia are frequently defined as cylindrical structures with a constant
diameter from the base to a short distance of the distal end, from where
they usually taper to a blunt point (Sleigh and Blake, 1977).

Cilia

morphologically different from those usually described in the literature
have been previously reported for several invertebrate species (Heimler,
1978), although never in relation to bivalve larvae.
molluscs have modified cilia in different structures.

Several species of
Tamarin e_t al.

(1974) reported "biconcave flattened discs or paddles", 1.33 um in
diameter, with a secretory function of adhesive material, in the ventral
pedal groove of small specimens of the bivalve Mvtilus californianus:
Arnold and Williams-Arnold (1980) described discocilia in the embryo of
the squid Loligo pealei: Matera and Davis (1982) observed paddle cilia
in the rhinophore of the marine gastropod Pleurobranchaea californica;
O'Foighil (1985) described papillae bearing cilia with bulbous tips of
about 0.25 um in the mantle fold of dwarf males of the bivalve
Pseudopythina rugifera.

Nevertheless, Ehlers and Ehlers (1978), working

on flatworms, concluded that this type of modified cilia were artifacts
as result of the procedure used prior to SEM examination.

These authors

based their conclusion on the fact that paddle cilia appeared after
exposure to formaldehyde, sodium phosphate and sodium cacodylate but
were absent in untreated tissue.

Bergquist et al. (1977) and Matera and
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Davis (1982) have presented some arguments supporting the existence of
these modified cilia.
This study with bivalve larvae, although not conclusive, suggests
that paddle and discocilia are genuine structures.

Though larvae of the

three species were subjected to the same treatment, R. cuneata larvae
always lacked these modified cilia.

The presence, shape and

distribution of the different types of cilia was consistent throughout
the larval development; modified cilia were confined to the inner velar
band and, in some instances, to the central tuft but they were never
present in the outer band, as expected if they were artifacts affecting
all the velar cilia.

Though this study does not show a relationship

between the shape of cilia and larval vertical velocity (as expected if
S. solidissima and M. lateralis larvae had exhibited a higher swimming

velocity than R. cuneata larvae), these modified cilia may increase the
efficiency of swimming, which is especially important for larvae
spending about two weeks in the plankton and consequently having to be
highly energy efficient.

These cilia may also have a sensory function

because the expanded shape of these cilia would increase the surface
area interacting with chemostimuli, as Bergquist et al. (1977) have
suggested for sponge larvae.

In the case of bivalve larvae, this

speculation is reasonable because these structures are the first ones to
come in contact with the larva's external environment.

Elston (1980)

suggested that despite the lack of an organized nervous system in the
velar tissue, Ma cell to cell transmission of impulses" would fulfill
this sensory function.

The role of cilia (shape and arrangement) in

larval swimming, though ontogenetically and phylogenetically important,
has not been examined sufficiently in bivalve larvae.
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APPENDIX

Selected life history parameters of Spisula solidissima.
Mulinia lateralis and Rangia cuneata

Geographic range
Spisula solidissima. the surf clam, is distributed from the Gulf of
Saint Lawrence, Canada, to North Carolina (Ropes, 1982).

Although

Merrill and Ropes (1969) reported this species in the Gulf of Mexico,
Fay e_t al. (1983) indicated that the populations south of North Carolina
would constitute the subspecies S. solidissima ravenelli.
Mulinia lateralis. the coot clam, is distributed from Malpeque Bay,
Canada, to the Palmico River in northeastern Mexico (Calabrese, 1969a).
Rangia cuneata. the common rangia, is found from New Jersey to the
Gulf of Mexico (LaSalle and de la Cruz, 1985)

Substrate and bathymetric distribution
Spisula solidissima occurs in coarse sand and gravel substrates,
from the coastal beach zone to 130 meters, with the highest density
between 18-37 meters (Franz and Merrill, 1980; Ropes, 1980; Theroux and
Wigley, 1983; Dauer et al., 1984).
Mulinia lateralis inhabits mainly subtidal mud and sand substrates
(Lippson and Lippson, 1984) but it has been reported occurring in waters
55 m deep (Theroux and Wingley, 1983).
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Rangia cuneata is found on sand, silt and clay substrates, in the
subtidal zone, in shallow waters less than 6 m deep (LaSalle and de la
Cruz, 1985).

Spatial distribution
Spisula solidissima is considered a marine stenohaline species,
inhabiting waters between 28 and 34°/oo salinity (Gainey and Greenberg,
1977).

Although Castagna and Chanley (1973) suggested biological

interactions such as predation of juveniles more than the environmental
requirements of the species (e.g. salinity) as the major barrier for the
species presence in estuaries, Fay et al. (1983) stressed the influence
of salinity in its distribution.

This species inhabits cold water

between 2 and 10°C in winter (Castagna and Chanley, 1973), although
inshore shallow water populations encounter higher temperatures
(Castagna, pers. comm.).
Mulinia lateralis. an euryhaline species according to Gainey and
Greenberg (1977), inhabits estuarine waters with salinities between 18
and 30°/oo (Lippson and Lippson, 1984); however, the species can survive
salinities of 5°/oo at temperatures between 10 and 26.5°C (Castagna and
Chanley, 1973).
Rangia cuneata is an oligohaline inhabitant of waters with
salinities lower than 19°/oo, with the larger populations concentrated
between 5 and 15°/oo (LaSalle and de la Cruz, 1983).

Although Castagna

and Chanley (1973) reported the species tolerating temperatures between
2 and 26°C, LaSalle and de la Cruz (1983) suggested that high winter
mortalities could be the result of intolerance to very low temperatures.
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Reproduction
The three species are gonochoristic (female and male individuals)
(Maynard Smith, 1984) although hermaphroditic individuals have been
reported in £. solidissima by Ropes (1968), and in R. cuneata by LaSalle
and de la Cruz (1985).

In S. solidissima as well as in Rj_ cuneata. the

mature female gonad can be pink or white and the male gonad is white
(Ropes, 1968 and this study).-

In M. lateralis. the female gonad is pink

to red-orange and the male gonad is also white.

The color of the gonad

in this species can be easily observed through the umbone region of the
thin shell (Calabrese and Rhodes, 1974; Rhodes et al., 1975).
The three species are iteroparous (parents live on after
reproduction and reproduce again) (Mackie, 1984).

The spawning seasons

of j>. solidissima. M. lateralis and R. cuneata are from early spring to
late fall, late spring to early fall and late spring to late fall
respectively (Allen, 1953; Chanley, 1965; Ropes, 1968; Calabrese, 1969a,
1970a; Chanley and Andrews, 1971; Cable and Landers, 1974; Cain, 1975;
Rhodes et al., 1975; LaSalle and de la Cruz, 1985).
The three species have external fertilization, developing pelagic
planktotrophic larvae (Loosanoff and Davis, 1963; Calabrese and Rhodes,
1974; Chanley, 1965).

In S. solidissima. the egg size is, in average,

56.5 tom (Loosanoff and Davis, 1963; Cable and Landers, 1974) although
Allen (1953) reported an egg size of 79 urn.

In M. lateralis and R.

cuneata, the egg size is 50 and 69 um respectively (Calabrese and
Rhodes, 1974; LaSalle and de la Cruz, 1985).

Spermatozoa of mactrid

species have barrel-shaped heads 2.5-4.0 um long with a cone-like
acrosome (Drozdova and Kas'yanov, 1985).
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Laboratory cultures of S. solidissima showed that larval
development lasts 19 to 21 days at temperatures between 20 and 22°C and
salinities of 26°/oo (Loosanoff and Davis, 1963; Goldberg, 1980; Ropes,
1980).

Trochophores develop 9 hours after fertilization and last less

than 24 hrs, although Eyster and Morse (1984) studied shell
mineralization in trochophores that were 38 hrs old.

Straight-hinge

larvae, 80 um long, develop in 24 hrs while 200 um long pediveligers
developed in 18 days after fertilization (Loosanoff and Davis, 1963).
Spisula solidissima larvae tolerate salinities as low as 16°/oo
(Castagna and Chanley, 1973) and temperatures between 14 and 30°C
(Loosanoff and Davis, 1963).

This species is considered to have one of

the most temperature sensitive larvae (Wright et al., 1983; Roosenburg
et al., 1984).

The optimum temperature for S. solidissima larval

development is 22°C, and the optimum salinity is unknown (Loosanoff and
Davis, 1963).

Mulinia lateralis larval development lasts 6 to 8 days at

25°C and 25°/oo salinity (Calabrese and Rhodes, 1974).

Development is

retarded for at least 14 more days at 20°C and 20°/oo salinity (Diaz,
1975).

Under near optimum conditions, the trochophore stage is attained

about 7 to 9 hours after fertilization.

Straight-hinge larvae, 60 um

long, develop about 15 hrs after fertilization; the pediveliger stage
can be observed in larvae 150 um long, whereas metamorphosis occurs in
larvae 200 to 220 um long (Loosanoff and Davis, 1963; Loosanoff, Davis
and Chanley, 1966; Calabrese, 1969a; Calabrese and Rhodes, 1974; Kennedy
et al. , 1974).

Calabrese (1969b, 1970b) determined that M. lateralis

larvae develop optimally at 25°C, 25-27.5°/oo salinity.

Larval

development in R. cuneata lasts about 7 days at temperatures between 22
and 24.4°C and 15°/oo salinity (Chanley, 1965).

Although LaSalle and de
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la Cruz (1985) reported that trochophores develop 26 hours after
fertilization, Chanley (1965) and Cain (1974) obtained straight-hinge
larvae, 75 um long, 24 hrs after fertilization.

Pediveligers develop at

lengths of 150 um and metamorphosis usually proceeds when larvae are
160-175 um long.

Cain (1972, 1973) determined that embryonic survival

is optimum at temperatures between 18 and 29°C and salinities between 6
and 10°/oo; however larval survival has broader temperature and salinity
ranges, being from 8 to 32°C and 2-20°/oo respectively.

Salinity is

more limiting than temperature in relation to survival according to Cain
(1972) and Hopkins et al. (1973).
Descriptions of the larvae of the three species have been carried
out by Loosanoff and Davis (1963), Chanley (1965), Loosanoff, Davis and
Chanley (1966) and Chanley and Andrews (1971).
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